Silicon-Containing Organic Conjugated Materials for Light Emitting Diodes by Keyworth, Colin William
  
Silicon-Containing Organic Conjugated Materials for Light 
Emitting Diodes 
 
A dissertation submitted for the degree of 
Doctor of Philosophy 
 
 
 
 
Colin William Keyworth 
 
Imperial College London 
Department of Chemistry 
2010 
 
2 
 
Declaration 
The research contained within this thesis is solely the work of the author unless explicitly 
indicated otherwise, in which case said work is appropriately referenced and attributed to the 
primary author/s. 
 
This work has not been previously submitted to any other examining body or university 
for consideration and complies with the guidelines laid out by the Registry of Imperial 
College London. 
 
 
Colin Keyworth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
Acknowledgements 
 
I would like to thank my supervisors Dr Charlotte Williams and Prof Andrew Holmes, for 
all of the support they have given me throughout the project and for the opportunity to study 
both at Imperial College and at the Bio21 lab in Melbourne.  It has been a great experience 
which has not only advanced my skills as a scientist, but has also provided me with many 
new friends and great memories.  Cambridge Display Technology Ltd. have generously 
funded a CASE award towards the project costs and I thank all of the staff there for the great 
hospitality with which I was received on my stay at the company.  In particular I would like 
to thank Mary McKiernan for facilitating the visit and organising the CASE award. 
 
I also thank all of the support staff at both Imperial College and Bio21 who run the various 
analytical services and provided assistance in data interpretation, in particular Peter Haycock, 
Dick Sheppard, Andrew White and Jonathan White. 
 
Of course, I must thank my parents for providing the roof over my head, along with many 
culinary delights prepared for me at the end of a long day in the lab. And of course for not 
kicking me out of the house while I have been writing up! 
 
Lastly, thanks go out to all of the people who have been steadfast drinking/ snooker/ road 
trip companions and colleagues, whether in London at the Holland Club or in Melbourne at 
Graduate House or Bio21.  They include Neil Wilson, Paul Knight, Hugo Bronstein, Rachel 
Platel, Tom Wells, Arwen Tyler, Niels Tholen, Paul Kirton, Rob Borthwick, Brian Johnson, 
Scott Watkins, Wallace Wong, Adrian Rakimov, Kai-Florian Richter, Maria Martin, Yasmina 
Manzo-Sanz, Maria Kristjansson, Sheldon Johnston, Phil Burton, Kat Webster, Maria Bonet, 
Matthias Könning, Marcela Gonzalez, Miriam Lozano, Becky Carlton, Nathalie Colomer, 
Sara Brorström, Sonja Schimo, Cathy Green and many others. Thanks for sharing in the 
highs and lows of PhD life! 
 
 
 
 
 
4 
 
Summary 
 
This thesis contains a study of polymer light emitting diodes (PLEDs) for commercial use 
within blue organic light-emitting diode (OLED) display technologies.  The introduction 
chapter outlines the aims and synthetic strategies / targets employed during the research and 
gives background information as to the historical development of OLEDs and PLEDs.  
 
The first chapter of research involves the synthesis of several alternating co-polymers of 
dibenzosilole (a previously reported monomer used in light emitting devices), along with the 
prerequisite monomers.  These co-polymers have been fully characterised and their opto-
electronic properties evaluated.  The energy levels of the co-polymers (HOMO / LUMO) 
were measured, then compared with each other and used to establish correlations between 
these values and the use of co-monomers and the polymer backbone linearity.  By tuning the 
energy levels of conjugated polymers, it is possible to alter both the energy of the light 
emitted (and therefore the colour) and also improve the charge-injection balance within the 
OLED device, thereby improving lifetimes and performance.  This research was primarily 
concerned with blue light-emission, therefore these energy level studies were conducted with 
a view to achieving blue light emission with the desired CIE coordinates and luminance.  The 
novel co-polymers were used to fabricate several prototype OLED devices and the 
performance of these has been evaluated.   
 
The second chapter of research contains a study of several novel silicon-containing 
monomer structures, for incorporation into conjugated PLEDs.  The first structure is a 
disilaanthracene derivative and the attempted synthesis of this monomer is reported.  The 
other two monomers are based on spirosilabifluorene and the syntheses and full 
characterisations are reported.  Attempts at the coupling of these monomers were made, using 
several different known coupling reactions including Suzuki, Stille and Kumada.  The 
attempted coupling products were simple trimers, using 9,9-dioctylfluorene as a co-monomer.  
These were to be used in small molecule organic light-emitting diodes (SMOLEDs).  The 
outcomes of these coupling reactions are described. 
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Abbreviations 
aq. aqueous 
Ac acetyl 
Ar aryl 
bpy bipyridyl 
Bu butyl 
cat catalyst 
CI Chemical Ionisation 
CIE Commission Internationale de L’Eclairage 
cod cyclooctadiene 
CRT Cathode Ray Tube 
CV Cyclic Voltammetry 
DCM dichloromethane 
DFT Density Functional Theory 
DME 1,2-dimethoxyethane 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
dppf 1,1'-Bis(diphenylphosphino)ferrocene 
DSC Differential Scanning Calorimetry 
e
-
 electron 
Eg Bandgap energy 
EI Electron Impact 
EL electroluminescence 
Et ethyl 
ETL Electron Transport Material 
GPC Gel Permeation Chromatography 
h hour 
h
+
 hole 
HSQC Heteronuclear Single Quantum 
 Coherence 
HOMO Highest Occupied Molecular Orbital 
HTL Hole Transport Material 
iPr isopropyl 
ITO Indium Tin Oxide 
J NMR coupling constant 
LCD Liquid Crystal Display 
lit. literature 
LUMO Lowest Unoccupied Molecular Orbital 
M molar 
Mn number-average molecular weight 
Mw weight-average molecular weight 
Me methyl 
min minute 
mp melting point 
mol% molar percentage 
MP3 MPEG-1 audio Layer 3 
MS Mass Spectrometry 
NBS N-bromosuccinimide 
NMR Nuclear Magnetic Resonance 
OFET Organic Field Effect Transistor 
OLED Organic Light-Emitting Diode 
OPV Organic Photovoltaic 
PDI polydispersity index 
PEDOT poly(3,4-ethylenedioxythiophene) 
PESA Photoelectron Emission 
 Spectroscopy in Air 
PF poly(fluorene) 
Pin pinacolate 
PLED Polymer Light Emitting Diode 
Ph phenyl 
PL photoluminescence 
ppm parts per million 
PPP poly-para-phenylene 
PPV poly(p-phenylenevinylene) 
PSS poly(styrenesulfonate) 
Rf retention factor 
RGB Red, Green & Blue 
RT room temperature 
s second 
Td decomposition temperature 
Tg glass transition temperature 
TEAOH tetraethylammonium hydroxide 
temp. Temperature 
TGA thermogravimetric analysis 
THF tetrahydrofuran 
TMS trimethylsilyl 
TLC thin-layer chromatography 
UV ultraviolet 
vis visible 
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1.1 – Historical Development of OLEDs and PLEDs 
 
In 1953 Bernanose reported the first electroluminescence from organic materials.
1
 These 
early experiments were very different from what we think of as OLEDs today.  In a 1955 
paper by the same author, solutions of the amine dyes acridine orange 1.01, gonacrin 1.02 
and carbazole 1.03 were coated onto cellophane films, dried and sandwiched between 
aluminium and mica sheets.  Upon the application of an alternating current, with a potential 
of up to 2000 V, electroluminescence of these materials was observed and the emission for 
each material was measured.
2
 The mechanism of electroluminescence was not understood at 
the time but it was postulated that the emission was indeed originating from the organic 
dielectric, rather than discharge effects within the cell.  
 
 
These early reports were followed by several important papers from Pope and co-workers, 
which helped establish the key theories and processes involved in OLED operation: 
 
 The discovery of ‘dark’ injecting electrode contacts for use with organic crystals 
and the calculation of work function requirements for the separate electron- and 
hole-injecting electrodes.
3
 
 Electroluminescence from single crystals of anthracene, using direct current under 
vacuum, and the proposal that the fluorescence was due to field-accelerated 
electron excitation.
4
 
14 
 
 The electroluminescence of an anthracene crystal in the absence of an external 
electric field and the conclusion that this was caused by the thermal recombination 
of an electron and a hole within the organic material, proving that the conduction 
energy level for anthracene is higher than that of its exciton energy level.
5
 
 
Injection from both the electrodes, leading to ‘recombination radiation’ 
(electroluminescence), was first reported by Helfrich and Schneider in 1965.
6
 An anthracene 
crystal was used and the electrodes were selected for their workfunction values, which 
matched the specifications set out by Pope’s work.  Light output of all devices at this time 
was very low, especially considering the enormous driving voltages employed.  With 
improved conductivity of the emissive layer however, the efficiency of these devices began to 
improve.  Early examples of conducting organic materials include poly(acetylene) and 
poly(pyrrole).  In 1977 poly(acetylene) was used to achieve high conductivity when oxidised 
and iodine-doped, a discovery which led to the Nobel Prize in Chemistry being awarded to 
Heeger, MacDiarmid and Shirakawa.
7
 
 
The first ‘OLED’ device was created by Tang and Van Slyke at the Eastman Kodak 
company, reported in 1987.
8
 This was the first device to use two layers; a hole-transporting 
layer and an electron-transporting layer, which had the effect of improving the charge 
injection balance and subsequently the operating efficiencies, due to exciton recombination 
now being concentrated in the emissive layer, rather than at one electrode as in previous 
devices. 
 
With the groundwork laid for OLED devices, the paper published by Holmes and Friend 
and their research teams in Nature in 1990 reported the first conjugated polymeric OLED 
15 
 
device, using poly(1,4-phenylenevinylene) (PPV) 1.04.
9
 Since that publication, the newly 
created field of light-emitting conjugated materials has been an area of intense research 
activity.  Early reviews (1998) by Greiner
10
 and Segura
11
 explore the synthetic strategies in 
use, along with the structural design of the materials utilised, while the reviews published by 
Kraft et al.
12
 and Friend et al.
13
 give an overview of progress made in PLED materials and 
device physics respectively.  The review by Mitschke and Bäuerle deals with materials for 
OLED applications, along with light-emitting electrochemical cells (LECs) and electro-
generated chemiluminescence (ECL).
14
  In 2008 Choi and co-workers published a review of 
polymers specifically for flexible displays.
15
 The most comprehensive and contemporary 
review, of the enormous array of published conjugated materials for PLED applications, is 
that published by Grimsdale et al. in 2009.
16
  The introduction to this thesis will therefore 
only refer to OLED and PLED materials which are particularly relevant to the work 
undertaken herein; for the broader developments in the field the reader is referred to the 
above reviews. 
 
The development of these materials has been of great commercial, as well as academic, 
interest due to their inherent potential for use in the electronics industry as the active layer 
within full colour displays.  As with traditional CRT-based colour displays, the majority of 
polymeric light emitting diode (PLED) displays will be composed of individual pixels which 
emit the three primary colours; red, green and blue, with the appropriate CIE coordinates.
17
 
Other methods for achieving a full colour palette include sequential colour filtering of white-
emitting materials,
18
 but this is less desirable due to loss of energy and added complexity 
within the device structure. 
16 
 
Many of the PLEDs developed thus far have already shown great potential for use in 
colour displays, often exhibiting high brightness, a wide range of colours, fast response times 
(refresh rates) and very wide viewing angles.  Ink-jet printing of OLEDs to create full-colour 
displays is also an emerging technology which promises to deliver low cost, flexible screens 
with a fully scalable manufacturing process.   
 
The first commercial application of PLED technology was developed by Phillips in 2002; 
an electric shaver incorporating a monochrome (orange) PLED display.  Since that time 
several prototype full-colour OLED screens have been developed.  However, only one large 
format full-colour display is presently commercially available; the 11 inch XEL-1 display 
from Sony Electronics Inc.
19
 The display has been available since early 2007 in Japan, 
released as a loss-making showcase for the potential of OLED display technology, and 
features a screen which is only 3 mm in depth, including the frame (Figure 1.01). Being a 
very early model, it was both highly expensive to manufacture and is still very costly to buy.  
Although several display manufacturers are also developing similar technology, there have 
been no further commercially available large-area OLED displays released within the last 
three years (although many are promised in the near future).  OLED technology is however, 
increasingly found in small display applications, such as mobile phones and MP3 players.  
The reasons for the delay in large-area screens are due to several problems with currently 
available OLED materials and their use within prototype displays: 
 
 Most have low efficiencies and require high driving voltages / currents. 
 Some OLEDs are not sufficiently thermally stable to have useful lifetimes. 
 Many OLEDs, especially blue-emitters, develop undesired wavelengths in their 
emission after only a short operational lifetime.
20
 
17 
 
                 
Figure 1.01: Front and side profiles of Sony XEL-1 OLED display.19 
 
The future of OLED and especially PLED displays will depend upon their longevity, 
picture quality and price to the consumer.  Improvements are made every year with the 
lifetimes of materials and the maximum screen size of prototypes.  Once the displays can be 
routinely manufactured to a high standard using inkjet technology, the cost is likely to be low 
enough for widespread use in displays, lighting and perhaps even advertising placards on 
disposable packaging, such as cereal cartons.  It is unclear whether OLED or PLED systems 
will emerge as the dominant display technology in the coming years.  OLED technology has 
already found several commercial applications and as such now has a foot hold in the 
marketplace.  While PLED technology promises certain advantages over OLED, it remains to 
be seen whether it will supersede the progress being made in small molecule OLED displays.  
This will be determined by advances in both material and device performances.  It is 
therefore important that both the emissive materials and the understanding of their structure-
property relationships continue to be improved.  A focus of activity in the synthesis of 
conjugated polymers in both industry and academia is on materials which emit light in the 
blue to violet region of the visible electromagnetic spectrum (~400 to 480nm wavelengths).  
The reason for this bias is the comparatively short lifetimes of current benchmark blue 
PLEDs, compared with their red and green counterparts.   
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1.2 Photophysical Processes Within a PLED Device 
 
Figure 1.02(a) shows a cross-sectional view of a prototype PLED device, illustrating the 
layered structure and arrangement of the various electrodes, transporting layers and emissive 
layers.  Figure 1.02(b) is a simplified representation of the processes involved within an 
operational PLED device.  The device shown consists of five different layers (including 
electrode materials).  While devices can operate with only one active layer, it is far more 
common to incorporate additional transport layers as shown. 
 
 
 The anode; generally a transparent or semi-transparent semiconductor, such as 
indium tin oxide (ITO), deposited on a plastic or glass substrate. 
 A hole-transporting layer (HTL); improving the injection of holes from the anode 
into the emissive layer. 
 The emissive layer; this is the material from which the device luminescence 
originates and as such, determines the colour output of the OLED. 
 An electron-transporting layer (ETL); this facilitates charge injection from the 
cathode into the emissive layer.  The article published by Kulkarni et al. gives a 
comprehensive review of ETL materials used in OLED applications.
21
 
 The cathode; generally a relatively low work-function metal such as aluminium, 
calcium or silver and often laid down by vacuum deposition. Since the cathodic 
layers are generally non-transparent, the majority of light emitted from the organic 
materials exits the device though the anode, with some transmission occurring at 
the edges of the emissive layer, perpendicular to the substrate. 
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The various organic interlayers and emissive layers are sequentially laid down onto the 
prepared ITO surface, usually with spin-coating techniques, but occasionally using spray-
coating, traditional printing techniques such as gravure or lithography and even ink-jet 
printing. 
 
 
 
 
Figure 1.02: (a) Typical PLED device layer structure and (b) simplified representation of the physical processes involved in PLED 
operation, based on a diagram from ‘Organic Light-Emitting Devices’.22 
HTL ETL 
EMITTING 
LAYER 
Hole 
(h+) 
Electron 
(e-) 
HOMO 
LUMO 
A
N
O
D
E 
C
A
TH
O
D
E 
(a) 
(b) 
20 
 
Charge injection at the electrodes occurs on the application of a potential difference across 
the device.  Electrons are injected into one side of the polymer film by the negatively charged 
cathode and migrate through the device layers towards the anode.  Metals with a low work-
function and high Fermi level facilitate injection into the device, since the energy barrier to 
the ETL LUMO is reduced.  The positively charged anode meanwhile injects holes into the 
HTL HOMO level (here a high work-function / low Fermi level is required).
9
 Injected holes 
and electrons migrate into the emissive layer via a ‘hopping’ transport mechanism and 
recombine to form excitons (excited state electron-hole pairs).  These excitons then relax to a 
ground state through several different decay pathways, populating both singlet and triplet 
energy states. 
 
Statistical quantum dynamics predicts that the ratio of singlet to triplet state populations is 
1:3, giving a maximum fluorescence quantum yield (radiative decay from the singlet state) of 
0.25.
23
 However, this yield can be much higher in polymer systems and the reasons for this 
are intensely debated in the literature.
24
 Radiative decay from a triplet state 
(phosphorescence) is forbidden by the spin-selection rules.  However, the inclusion of heavy 
metal atoms within molecules can relax these rules and allow the forbidden transition to 
occur, enabling 100% internal quantum efficiency within the material.  This is possible due to 
the mixing of singlet and triplet states which occur within heavy metal atoms, due to strong 
spin-orbit coupling interactions.  The result is often referred to as a ‘triplet-harvesting’ 
system.
25
  The research within this thesis will concentrate on fluorescent systems, therefore 
an in-depth explanation of the energy transfer mechanisms within phosphorescent systems 
will not be given.  A description of these processes can be found within many books 
concerning organoelectronics and OLED / PLED design, including the publication by Scherf 
and co-authors.
22 
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1.3 – Photophysical and Electrochemical Measurements of Devices 
1.3.1 – Evaluation Criteria 
When evaluating the performance of an OLED or PLED device, several measurements 
and calculations are performed to enable quantitative comparison of the device’s output 
characteristics.  The key values to be obtained are outlined in the following text: 
 
Electroluminescence 
The emission profile of the light generated by a device is obtained by recording its output 
over a range of wavelengths (generally from 350 to 650 nm) using a specially adapted 
fluorimeter under darkened conditions. 
 
Current, Voltage and Luminance (IVL) Characteristics 
The device being tested is operated over a range of driving voltages, generally in a 1 V 
stepwise progression.  At each discreet voltage, the current passing through the device is 
measured and recorded (in milliamps) with a highly sensitive ammeter, while the luminance 
is measured in cd/m
2
 from the device emission by a photo-multiplier device.  The candela 
(cd) is the SI unit for the power emitted by a light source, weighted by the response of the 
human eye to various wavelengths (known as the luminosity function).  Depending upon the 
OLED testing rig available, current and luminance readings may be performed 
simultaneously or may have to be taken from separate pixels.  These readings can then be 
plotted against each other on a graph to show the rates of change of current and luminance 
with voltage.  By performing certain mathematical functions on these figures, further data 
such as current density (recorded in mA/cm
2
) and luminance efficiency (recorded in cd/A) 
can be elucidated.   
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Efficiency 
The efficiency of an OLED device is generally measured by two methods. The first is the 
luminance efficiency, measured in cd/A, either at a particular current density or a particular 
luminance level.  These values are obtained from manipulation of the IVL data as described 
above and are commonly used for the purposes of OLED device comparison. Efficiency 
values are generally far greater for red and green OLED devices (with values approaching 
100 cd/A for green pixels).  Typical blue OLED efficiencies range from 0.5-2.5 cd/A 
(moderate) to 2.5-4 cd/A (good) and up to 4-8 cd/A (very good to excellent).  It should be 
noted that efficiency benchmarks change constantly as materials improve; therefore these 
figures are only a rough guide, correct at the time of writing.  The second method, first 
published by de Mello et al., is to obtain the external quantum efficiency of the operational 
device by using an integrating sphere, connected to a charge-coupled device (CCD) 
analyser.
26
  Further technical details of this method have been published by Tanaka et al.
27
   
The external efficiency (   ) is dependent on several factors, including charge balance within 
the emissive layer ( ), the photoluminescence quantum yield (   ), the yield of out-coupled 
photons emitted (  ) and the proportion of singlet spin-states (  ).  This relationship is 
summarised by the equation:  
                
 
Luminous Efficacy 
Commonly used to compare lighting sources, the luminous efficacy, reported in lumens 
per Watt (lm/W), is often used to compare OLED light output with that of other lighting 
technologies (such as incandescent, compact fluorescent, etc).  By taking into account the 
receptivity of the human eye at all wavelengths, a value called luminous flux is derived from 
the weighted sum of all wavelengths emitted within the visible range.  The efficacy is a 
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measure of the luminous flux per Watt of power supplied to the device. The Lumen is related 
to the candela by the equation:    1 lm = 1 cd·sr     (sr = steradian; the SI unit of solid angle, 
which is a conical volume from within a sphere, where the area of the domed base is equal to 
the square of the radius). 
 
Turn-On Voltage 
This is the driving voltage needed to produce an observable luminance level from the 
OLED device (typically 0.1 cd/m
2
).  It is determined from the voltage / luminance plot and is 
taken as the x-axis intercept (with voltage plotted on the x-axis and luminance plotted on the 
y-axis). 
 
CIE Coordinates 
CIE coordinates are essential for accurately comparing the emission colours of OLED 
devices.  See the section below for further details. 
 
Lifetime 
The lifetime of a device is generally quoted as the number of hours of continuous 
operation, at a specified initial luminance level, before that luminance decreases to 50% of 
the original level.  Early devices were sufficiently short-lived to record the ‘luminance half-
life’ in real-time.  Today however, many benchmark OLED materials are reported to have 
lifetimes above 100,000 hours, making real-time measurements impractical.  To overcome 
this, the devices are often operated at far higher luminance levels than in a real-life 
application (generally at 1000 cd/m
2
), causing them to degrade at an accelerated rate.  This 
allows the actual luminance half-life to be predicted reasonably accurately. 
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1.3.2 - Colour Coordinates 
The standard system for reporting the observed colour of emission of OLED devices is the 
Commission Internationale de l'Eclairage (CIE) colour-coordinate system.
17
  The CIE x,y,z- 
coordinates are obtained by a mathematical derivation of responses from the three separate 
groups of cone cells within the human eye, known as tristimulus values (Equations 4 to 6).
28
 
These tristimulus values are obtained by the integration of three colour-matching functions, 
which are plotted in Figure 1.04(a).  Equations 1 to 3 show the integrals for each value.   
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Figure 1.03  Tristimulus value and CIE x,y,z-coordinate equations. 
[Equation key: X,Y,Z = tristimulus values; I(λ) = spectral power distribution;       = colour matching functions; λ = wavelength of 
equivalent monochromatic light] 
 
From these colour-coordinates a colour space can be plotted.  The CIE 1931 colour space 
is the international standard which plots all of the colours observable by the human eye and is 
a representation of the perceived brightness and chromaticity of coloured light (Figure 
1.04(b)). The numbered boundary line within the plot is the visible light spectrum, with the 
wavelengths indicated.  Light from devices giving the same CIE x,y-coordinates, will appear 
as the same colour to an observer.  Depending on the display technology, targets are set for 
the CIE coordinates of the individual red, green and blue pixels which make up the majority 
of colour displays.  These will differ between technologies such as CRT and the more modern 
high definition televisions (HDTV) and are often represented on the colour space as an RGB 
triangle.   
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Figure 1.04: (a) CIE 1931 colour matching functions and (b) colour space chromaticity diagram.29 
 
For reference purposes, the x-, y-coordinates for blue emission are generally around [0.15, 
0.06].  This equates to a pure blue emission and values of up to [0.16, 0.18] are acceptable.  
Higher x values give a purple/violet emission, while higher y values give a ‘sky blue’ 
emission. The pure blue coordinates are most desirable, since this enables the largest gamut 
of colours.   CIE coordinates are calculated from the electroluminescence spectrum of the 
device, by the mathematical functions as described above. 
 
 
1.4 – Poly(fluorene) as a Blue-Emitter and Problems Related to Keto-Defect Formation 
 
The first blue-emitting PLED materials to be studied were based on the PPP (poly-para-
phenylene) structure 1.05 (Figure 1.05).  Unsubstituted PPP (when R = H) is insoluble in all 
common solvents
30
 and therefore alkyl substituents (R = alkyl) were introduced to aid 
solubility.  The introduction of these alkyl groups, however, caused a high degree of torsion 
between the phenylene subunits of the polymer backbone, severely reducing the strength of 
conjugation and hence diminishing the optical properties.
31
  In 1999, Scherf and co-workers 
(a) (b) 
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proposed that bridging groups between the phenyl rings could be used to force planarity 
along the polymer backbone.
32
 Since then, structures with varying levels of aryl-aryl bridging 
have been developed which give rise to a range of polymers with differing degrees of 
planarity and hence different optical properties.  A review of bridged phenylene systems was 
published in 2007 by Müllen and Grimsdale.
33
  Figure 1.05 shows some of these structures, 
with the degree of bridging in the order: PPP 1.05 < poly(fluorene) 1.06 (PF) < 
poly(indenofluorene) 1.07 (PIF) < ladder-type PPP 1.08 (LPPP).  Much of the research in 
recent years has focused on poly(fluorene) 1.06 (R = H) along with its analogues (R = alkyl) 
as the most promising materials for blue OLEDs, due to their high planarity, conjugation and 
relative ease of synthesis.  The synthesis of poly(fluorene) was first reported by Yoshino and 
co-workers in 1989, at around the same time as the first report of PPP-based emissive 
materials,  using an FeCl3 catalyst.
34
  The polymer suffered from low molecular weights, high 
polydispersity and a mixture of regioisomers, along with poor purity due to contamination of 
the polymer with iron and low purity starting materials.  The first blue electroluminescent 
device to use poly(fluorene) as the emissive layer was reported by the same group in 1991.
35
  
For a recent review of poly(fluorene)-based materials, the reader is directed to the article 
published by Zhao and co-workers
36
 (N.B. the naming convention for alkyl groups on the 
bridgehead carbon is to include the chain length within the abbreviated name, e.g. PF8 is 
poly(fluorene) with two octyl chains). 
 
 
Figure 1.05: Various degrees of aryl bridging within conjugated polymers. 
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1.4.1 Degradation of Poly(fluorene) During Annealing and Device Operation 
Conventionally synthesised poly(fluorene)-type materials have been shown to suffer from 
rapid degradation, leading to a loss of intensity in the blue emission and the appearance of 
emission bands at lower energies (generally green) in the luminescence spectrum.
37
 This 
phenomenon is observed during thermal annealing, exposure to oxygen and during device 
operation.  Figure 1.06 shows the change in photoluminescence of a pristine poly(fluorene) 
sample, compared with samples annealed for two hours at 150 °C and four hours at 200 °C.
38
  
 
 
Figure 1.06: Photoluminescence spectra of poly(fluorene) showing degradation during hot annealing.38 
 
A pronounced bathochromic shift of the emission maximum of the annealed samples is 
observed, leading to green emission at 550 nm.  There have been many proposed 
explanations for this degradation in emission spectrum and the origins of the so-called ‘g-
band’ occurring at     nm in oxidised samples of poly(9,9-dioctylfluorene).  In 2002, Scherf 
and co-workers proposed a photo- or electro-oxidation pathway mechanism for the formation 
of keto-defects at poly(fluorene) bridgehead sites.  It was claimed that the g-band is a direct 
result of these keto-defect sites.
39-40
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Scheme 1.01: Possible mechanism of photo-/electro-oxidation.39 
 
Other explanations have included aggregation  π-stacking) of polymer chains giving rise 
to excimer formation,
41
 while an in-depth study carried out by Bradley and co-workers has 
shown that the green emission is not directly attributable to π-π* transitions from the ketone 
moiety, but instead it originates from fluorenone-based excimers; relying on inter-chain 
interactions.
42
 
 
Research by Zhao et al. points to both fluorenone formation and cross-linking of polymer 
chains, via a radical mechanism, as the origin of lower energy green emission.
43 
 It was 
proposed in this work that defects within the polymer chains, especially where only one alkyl 
chain is present at a bridgehead carbon (the other substituent being a proton), are attacked in 
the presence of oxygen and heating.  Residual transition metals are proposed to catalyse the 
process. Once formed, the radical sites undergo propagation with other polymer chains and 
cross-linking can occur between separate radical sites in close proximity. 
 
It is currently widely accepted that the formation of keto-defects is responsible, either 
directly or indirectly, for lower wavelength emissions and recent work by Lupton and co-
workers has more or less proved this theory.
44
 There is however, still some debate as to the 
roles of inter-chain interactions in these g-band emissions.
45
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1.5 – Overview of Methods Employed to Combat G-Band Emission in PF-Type 
Materials 
1.5.1 - Ultra-High Purity Monomers 
In 2003, Craig et al. showed that the g-band emission in poly(fluorene) could be 
eliminated by removing all traces of potential fluorenone sites, i.e. the protonated bridgehead 
carbons remaining after alkylation.
46
 This was achieved by the addition of a strong base, 
potassium tert-butoxide, effecting the deprotonation of these unwanted mono- or non-
alkylated fluorene molecules.  The pure fluorene monomer 1.09 could then be separated from 
the deprotonated impurities by simple filtration through an alumina plug.  The molecular 
weight of the polymer made from this monomer by Yamamoto coupling was however, much 
lower than that made without the extra purification step (20 kDa compared to 330 kDa).  
(Scheme 1.02) 
 
 
Scheme 1.02: Purification of fluorene monomer by deprotonation and filtration. 
 
These findings have been supported by another preparation of defect-free dialkylfluorene 
reported in 2007 by Holmes and co-workers, shown in Scheme 1.03.
47
  This alternative 
synthetic route ensures complete alkylation of the bridgehead carbon of the fluorene during 
synthesis, giving high monomer purity without the need for special purification techniques.  
The resulting homo-polymers synthesised from these monomers displayed no green emission 
30 
 
from fluorenone defects.  As with the research by Craig et al., the molecular weights were 
much lower (~20 kDa) when using the higher purity monomers. 
 
 
Scheme 1.03: Synthesis of high purity, defect-free dialkylfluorene monomer and homo-polymer. 
[Conditions: (i) n-BuLi, THF, -78 C, (C8H17)2C=O, then 25 C; (ii) BF3·Et2O, CH2Cl2, 25 C, 12 h, 80% (over two steps); (iii) Br2, I2, 
CH2Cl2, 0-25 C, 3 h, 74%; (iv) Pd(PPh3)4, toluene, 20%aq. Et4NOH, 90C, 24 h, bromobenzene, 12 h, phenylboronic acid, 12 h] 
 
1.5.2 - Bulky Bridgehead Substituents and Spirobifluorene 
Müllen and co-workers have synthesised a series of ladder-type pentaphenylene 
monomers and their resultant homo-polymers from Yamamoto coupling reactions.
48-49
  One 
of the materials synthesised was fully arylated monomer 1.10.
49
  It was found that even after 
prolonged annealing in air at 200 °C very little change in photoluminescence was observed; 
in stark contrast to partially alkylated monomer 1.11, in which the classic appearance of a g-
band emission was observed. 
 
 
 
Spirobifluorene subunits have also been incorporated into polymer backbones to afford the 
same reduction in fluorenone formation.  Literature examples include poly(spirobifluorene) 
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1.12, with two alkoxy substituents, which gives a relatively poor efficiency (g-band emission 
is not reported),
50
 along with polymer  1.13, with only one alkoxy substituent on the repeat 
unit, which displays very high stability under annealing conditions.
51
 
 
 
 
Co-polymers incorporating spirobifluorene and fluorene subunits are also reported; co-
polymer 1.14 was stable to 100 °C but showed long-wave emission after annealing at higher 
temperatures.
52
  Co-polymer 1.15 was shown to have stable photoluminescence after 20 h of 
annealing at 150 °C.
53
 
 
1.5.3 – Cross-Linked Poly(fluorene) 
A novel approach to allow photo-resist type patterning of OLED pixels has been reported 
by Wang et al. and involves the synthesis and photo-cross-linking of oxetane-substituted 
fluorene derivatives 1.16.
54
 Upon cross-linking, the material shown exhibited good 
performance levels as the blue pixel material within a multicoloured OLED device.  The 
suppression of green-band emission was evident, although a small shoulder at 500 nm 
appeared during device operation.    
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1.5.4 - Improved Encapsulation 
A recent paper by Lee and co-workers reports that the introduction of an inert TiOx layer 
within PF-based PLEDs has provided air-stable devices.  The TiOx is spin-coated between the 
cathode and emitting layer (in most cases) and has been shown to act as both an oxygen / 
moisture barrier and as a scavenger layer.  This technique greatly reduces degradation of the 
emitting layer and the appearance of green emissions during operation is minimised.
55
 
 
1.5.5 - Replacement of the Bridgehead Atom 
Several different analogues of fluorene have been synthesised, using various elements as 
the replacement bridgehead atom.  These elements are generally from groups III to VI of the 
periodic table.  Carbazole, the nitrogen analogue of fluorene, has been known for many 
decades, used in the xerographic industry and in recent times has been studied extensively for 
use in organic electronic materials. An early example of its use in OLED materials is the 
homo-polymer 1.17, published by Leclerc and co-workers.
56
 Homo-polymer 1.18, linked 
through the 2,7-positions, has also been reported by the same group.
57
  Both these materials 
showed good electroluminescent properties but suffered from poor solubility in common 
organic solvents. 
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Dibenzoboroles are rare but known and the small molecule 1.19, synthesised by Tamao 
and co-workers shows solvatochromism; the ability for the fluorescence (in solution) to be 
turned on or off by changing solvents.
58
 However, the use of dibenzoboroles is limited due to 
the instability of these compounds; material 1.19 was stabilised by the bulky aryl substituent.  
Dibenzothiophene-containing co-polymer 1.20 was reported with varying feed ratios of the 
dibenzothiophene subunit; ratios of 20% and higher with respect to the fluorene subunit 
suppressed g-band emission, but the polymers suffered from low efficiencies and 
luminance.
59 
 Oligomer 1.21, containing dibenzothiophene-S,S-dioxide subunits, was 
synthesised by Perepichka et al. and displayed high luminescence efficiencies but very poor 
solubility.
60
   
 
 
 
Tanaka and co-workers reported co-polymer 1.22, containing dibenzophosphole and para-
phenylene moieties.  The appearance of a g-band was not observed but the inclusion of 
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dibenzophosphole had the effect of red-shifting the photoluminescence maximum, resulting 
in a green-blue emission.
61
  There are relatively few examples of dibenzofuran being used in 
OLED materials; the small molecule 1.23 was reported by Vecchi et al. as an efficient 
charge-transporting host for blue phosphorescent materials.
62
 
 
While many of these alternative materials have improved annealing / operational colour 
stability over poly(fluorene), their emissive properties are generally much poorer in 
comparison, often being red-shifted too far to consider their use as blue OLED materials.  
Poor solubility is also a common problem; especially with those bridgehead atoms that do not 
allow for solubilising substituents to be included.  In order for the heteroatom to be a useful 
substitute for carbon, it must not be easily oxidised and it must be multivalent for inclusion of 
the aforementioned solubilising groups.  Increased solubility not only increases the efficacy 
of materials but also generally results in a higher Mn during polymerisations and hence 
greater processability. 
 
Analogues of fluorene which contain heavier group IV elements have been known for 
several decades, but their use in blue emitting OLED materials was first reported by Chan et 
al. in 2005 and has given rise to one of the most promising systems for stable blue emitters: 
poly(dibenzosilole) 1.24.
63
 This material was shown to be free from g-band emission, 
providing stable blue electroluminescence after several hours of annealing at 250 °C.  Figure 
1.07, taken from this work, shows that devices incorporating poly(dibenzosilole) exhibit very 
little change in their fluorescence, even after 12 hours of annealing at 250 °C.    It should be 
briefly explained that a silole is a five-membered ring consisting of a butadiene moiety 
connected to a silicon atom at either end, thus completing the ring. A dibenzosilole therefore, 
is a silole with phenyl rings fused to both sides, as in structure 1.24. 
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Figure 1.07: Photoluminescence spectra of poly(dibenzosilole) with various annealing conditions.63 
 
The use of poly(dibenzosiloles) is of increasing interest, not only in OLED polymers, but 
also in organic field effect transistors (OFETs)
64
 and organophotovoltaics (OPVs).
65
 A short 
review of conjugated systems with main group element bridgehead atoms and their orbital 
interactions has been published by Yamaguchi and Tamao.
66
 For a recent review of the use of 
poly(fluorene), poly(carbazole) and poly(dibenzosilole) derivatives within both white OLEDs 
(WOLEDs) and organic photovoltaic (OPV) applications, the reader is directed to the article 
published by Beaupré, Boudreault and Leclerc.
67
 
 
 
1.6 – Silole and Dibenzosilole-Based Materials 
1.6.1 – Background to Silole and Dibenzosilole Development 
The use of siloles as EL materials was first reported in 1996 by Tamao and coworkers.
68
 
Previous studies, as early as 1967, had shown that siloles have a high electron affinity 
compared with cyclopentadienes;
69
 in fact they are capable of forming tetra-anions, as 
described in  98  by O’Brien and Breeden.70  Therefore it was postulated by Tamao that 
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siloles would offer a good alternative to the oxadiazole and triazole structures being utilised 
at the time
71
, since the low-lying LUMO levels would certainly improve the balance of 
charge injection through the organic materials.  Ab initio calculations of the HOMO and 
LUMO energy levels backed up this hypothesis and the devices constructed did indeed have 
improved charge transfer but were, however, unsuitable for electroluminescence purposes 
due to low luminance efficiencies.  The improvements in DFT approximations during the 
1990s enabled a modelling of the energy and spatial distribution of the molecular orbitals.  
This model predicted that the silole LUMO had unusually low energy due to a highly 
favourable interaction between the butadiene π* orbital and the silylene σ* orbital.72 (See 
Figure 1.08) 
 
Figure 1.08: Representation of the calculated frontier molecular orbitals of the silole ring, from ab initio HF/6-31G* calculations.72 
 
Dibenzosilole (or silafluorene) 1.25 is the silicon analogue of fluorene.  It was first 
reported by Gilman and co-workers in 1955,
73
 having been synthesised from 2,2’-
dibromobiphenyl by a double lithiation and ring-closure with dichlorodiphenylsilane.  This 
material was prepared only as part of an investigation into coupling reactions of silanes and 
alkyllithium reagents however, and it was not until 2005 that the first use of this structure was 
seen in a polymer for OLED applications.  
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 As discussed in the previous section, Holmes and co-workers reported a silicon analogue 
of poly(fluorene); poly(9,9-dioctydibenzosilole) 1.26, in 2005 which showed greatly 
enhanced colour stability over poly(fluorene) in its blue light emission.
63, 74
  This polymer 
gave a deep blue photoluminescence (CIE coordinates [0.15, 0.11]) and a simple OLED 
device gave electroluminescence maxima at 431 and 451 nm.  The energy gap of this material 
(3.6 eV) was virtually identical to that of poly(fluorene), whilst the LUMO level of 
poly(dibenzosilole) was lowered by approximately 0.1 eV in relation to that of 
poly(fluorene); a much smaller effect than that seen in the silole / cyclopentadiene 
comparison.  The chemical stability, optical properties and material processability of 
poly(dibenzosilole)s are generally comparable to those of their fluorene analogues.  The 
uptake of these materials for use in OLEDs has thus far been limited, perhaps due to the 
challenging syntheses of the monomers.  Recently, however, they have been used in several 
applications including organic photovoltaics,
75-76
 organic field effect transistors
64, 77 
and even 
sensors for explosive particulates.
78-80
 These publications will be reviewed in the forthcoming 
section. 
 
1.6.2 – Current Developments in Dibenzosilole-Containing Materials 
Homo-Polymers and Co-Polymers for OLED Applications 
In 2005 Mo et al. synthesised the 3,6-dibenzosilole homo-polymer 1.27 by a nickel-
catalysed coupling reaction (using NiCl2 and triphenylphosphine), giving a molecular weight 
of 16 kDa (PDI 1.6).  The photoluminescence spectrum showed an emission maximum at 355 
nm in both solid and solution states (equating to a UV / violet emission).  The material was 
noted to possess a wide orbital energy gap of approximately 4.0 eV.
81
  A paper published by 
Holmes and co-workers in the same year prepared end-capped homopolymer 1.28 via a 
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Suzuki polycondensation.
74
  The polymer had a molecular weight of 23 kDa (PDI 2.1) and 
was highly soluble in common organic solvents.  Because of its high energy gap, it was used 
as a host material for the iridium guest complex 1.28a within a green emitting PLED device 
which displayed low turn-on voltages and complete energy transfer to the guest complex (and 
hence emission only from the guest).  Chen et al. published the synthesis of methoxy-
substituted dibenzosilole 1.29 in 2006, as a potential monomer material but did not explore its 
use within a polymer.
82
 
 
 
 
Cao and co-workers published co-polymer 1.30 in 2006, synthesised from both 3,6-
dibenzosilole and fluorene subunits in varying feed ratios.
83
  The  co-polymer containing 10% 
dibenzosilole (m:n = 9:10) gave the best performance from a PLED device, showing greatly 
improved colour purity over poly(fluorene) after annealing at 150 °C for one hour.  An 
emission maximum at 420 nm was recorded in the electroluminescence spectrum (422 and 
443 nm in thin film photoluminescence measurements).  The device had a high external 
efficiency of 3.34% and reasonably low turn-on voltage of 6.7 V.  The CIE coordinates were 
[0.16, 0.07] giving a high purity blue colour.  The luminance efficiency (2.02 cd/A) and 
maximum luminance (326 cd/m
2
) were fairly low however.  Mo et al. have recently 
published dibenzosilole co-polymer 1.31, containing a triarylamine subunit.
84
  A device was 
fabricated and the electroluminescence spectrum showed a narrow emission profile with a 
deep blue maximum at 418 nm.  The external electroluminescence quantum efficiency was 
high, at 1.91%, but no brightness levels or CIE coordinates were reported.   
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Perfluorinated Dibenzosiloles 
With a view to achieving materials with high electron affinities, Geramita et al. have 
published a range of perfluorinated dibenzosilole molecules including 1.32
85
 and 1.33.
86
 The 
alkyne-linked material 1.32, containing perfluorinated phenyl end groups, gave a UV/blue 
fluorescence emission, with a maximum at 378 nm, while material 1.33, with phenyl end 
groups, displayed a blue / sky blue fluorescence profile with emission maxima at 436 and 457 
nm.  
 
Vinylene-Linked Dibenzosilole Co-Polymers 
Trogler and co-workers have published several vinylene-linked silole and dibenzosilole 
co-polymer materials for use as explosives sensors.  Co-polymers 1.34 and 1.35 were 
published in 2007 and feature dibenzosilole subunits linked to the polymer chain via the 
silicon bridgeheads.
78
  In the thin film state, polymer 1.34 gave a photoluminescence 
emission maximum at 376 nm, while polymer 1.35 gave a blue-green emission with a 
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maximum at 492 nm.  Both materials gave very low fluorescence quantum yields of 0.04 and 
0.02 respectively.  Co-polymer 1.36, published by the same group in 2008, incorporates a 
spirobifluorene subunit, attached to the dibenzosilole by vinyl linkages through the silicon 
centre.
79
  The photoluminescence spectrum revealed a maximum at 470 nm (measured for a 
thin film), indicating a blue / sky blue emission.  The fluorescence quantum yield was 
reported to be 1.00 (All quantum yields in the publications from Trogler and co-workers were 
quoted as ± 30%, relative to 9,10-diphenylanthracene in toluene). 
 
 
Use in Organic Field Effect Transistors (OFETs) 
Marks and co-workers have published two co-polymers of dibenzosilole and thiophene 
subunits, 1.37 and 1.38.
64, 77
  The photoluminescence emission maxima were at 488 nm (sky 
blue) and 528 nm (green-blue) respectively.  Within OFET devices, both co-polymers 
showed excellent stability and were found to be p-channel materials; 1.37 showed a moderate 
hole mobility of 1.0 x 10
-4
 cm
2 
V
-1
s
-1
, while 1.38 showed a higher mobility of 6.0 x 10
-3
 cm
2 
V
-1
s
-1
. 
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Ladder-Type and Bridged Dibenzosilole Analogues 
Yamaguchi et al. published the innovative silicon-bridged stilbene structure 1.39,
87
 which 
had a fluorescence emission maximum at 473 nm, with a fluorescence quantum yield of 0.50.  
The highly substituted ladder-type material 1.40 was reported by Matsuda et al. and was 
synthesised by an iridium-catalysed [2+2+2] cycloaddition reaction.
88
 No devices were 
fabricated but a photoluminescence maximum of 396 nm (in hexane solution) was reported.  
The bis-bridged silole 1.41, published by Li et al., gave photoluminescence maxima at 370 
and 384 nm (affording a violet / UV emission) and a fluorescence quantum yield of 0.45.
89
  
In 2009 the same author reported co-polymers 1.42 to 1.45, all of which incorporate the same 
bis-bridged silole moiety, along with a variety of linking groups.
90
  Materials 1.42, 1.43 and 
1.44 had photoluminescence maxima (and fluorescence quantum yields) of: 401 nm (0.34), 
394 nm (0.51) and 390 nm (0.46) respectively.   
 
 
 
Vinylene-linked polymer 1.45 displayed a photoluminescence maximum at 418 nm but 
had a much lower fluorescence quantum yield (0.02).  It was observed that quantum yields 
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were higher for the materials containing saturated linker groups (1.43 and 1.44) than for those 
with unsaturated linkages (1.42 and 1.45).  No devices were fabricated for the study. 
 
Alkyne-Linked Dibenzosiloles 
A recent paper by Xu and Li uses a dibenzosilole core in some highly emissive trimetric 
materials 1.46-1.48, featuring a methoxy-substituted dibenzosilole core connected via ethyne 
linkages to a phenyl end group.
91
  Devices were not fabricated with the dibenzosiloles, but all 
three materials exhibited blue fluorescence with emission maxima between 397 and 421 nm, 
with high fluorescence quantum yields (between 0.75 and 0.89). 
 
 
 
Alternative Architectures 
Novel trisilasumarene 1.49 was synthesised by successive intramolecular sila-Friedel-
Crafts reactions by Furakawa.
92
  The structure may prove to have interesting opto-electronic 
properties, but the synthetic route and characterisation only was reported.  Spirosilabifluorene 
compound 1.50 was reported by Agou and co-workers and shows a fluorescence maximum at 
441 nm but a low fluorescence quantum yield of 0.21.
93
   
 
Silicon-bridged dibenzosiloles 1.51 and 1.52 were reported by Shimizu et al. as part of a 
study of the effects of the silicon bridges on photophysical properties of dibenzosiloles.
94
  
Material 1.51, which incorporates two silylene bridgeheads, exhibited a violet emission with 
a photoluminescence maximum at 397 nm (fluorescence quantum yield of 0.26), while 
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material 1.52, which incorporates two bridgeheads comprising of silylene and disilylene 
groups respectively, exhibited a blue emission (photoluminescence maximum at 450 nm) but 
a low fluorescence quantum yield of 0.05. 
 
 
 
Dithienosiloles 
A structural relation of dibenzosilole, which has recently found use in organic photovoltaic 
(OPV) applications,
95-96
 is dithienosilole.  Three examples of the use of these materials in 
OLED applications are compounds 1.53, 1.54 and 1.55, which were reported by Ohshita et 
al.
97
   
 
 
All three materials exhibited blue photoluminescence, with emission maxima (and 
fluorescence quantum yields) at 434 nm (0.41), 434 nm (0.43) and 442 nm (0.47) 
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respectively, when in a powdered form.  Single-layered OLED devices were constructed for 
each material, but performance was very poor, with highly red-shifted emissions and very 
low maximum luminance (0.6 – 5.4 cd/m2). 
 
For further reading, reviews of dibenzosilole and silole-containing materials have been 
published by Wong et al.
98
 and Chen et al.
99
 
 
 
1.7 – Current Industrial Material Performances 
From the display industry, the latest figures released by CDT/Sumitomo
100
 and Dupont
101
 
are highlighted in Table 1.01.  It can be seen that lifetimes are already relatively high for 
most materials, with green and red emitters firmly in the lead.  The majority of OLED 
manufacturers seek to achieve high performance materials for all three colours, along with 
white for lighting purposes.  It is clear that certain materials, such as the green emitter 
reported by Dupont or the red solution from CDT listed in this table, are far ahead of the 
competition and so it may be that display manufacturers select the requisite OLED materials 
from several different sources,  choosing the best performing from each group. 
 
 
Company Dupont CDT/Sumitomo 
Colour Red Green Blue Red Green Blue White 
Colour 
coordinates 
(0.68, 
0.32) 
(0.26, 
0.65) 
(0.14, 
0.12) 
(0.63, 
0.37) 
(0.29, 
0.64) 
(0.14, 
0.18) 
(0.34, 
0.39) 
Lifetime* 62k 1000k 38k >200k 80k 18k 8k 
Current  
efficiency† 
13 25 6 30 18 12 12 
Date of information 
 
May 2009 
 
May 2008 
Table 1.01: Comparison of reported commercial device performances. 
[Note:  * - Lifetimes reported as luminance half-life, in hours, operating 1000 cd/m2, 21-22 °C;† = Measured in cd/A ] 
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Material lifetimes are improving at a very high pace within the industry.  This is due in 
large part to the increased investment in OLED display research, as the commercial potential 
of these materials for the display and lighting industries becomes ever greater.  
 
 
1.8 – Scope and Aims of Research Project 
1.8.1 - Stable Blue Emitters 
If the lifetimes and efficiencies of blue OLEDs are to be improved, the balance of charge 
injection within working devices needs to be addressed.  This can be improved through the 
choice of electrode materials and through the use of interlayer materials between the 
electrodes and the emissive layer.  Another method is to alter the orbital energy gap and 
energy levels of the emissive layer itself, to provide lower energy barriers to charge injection.  
This is ultimately a more desirable method as it leads to a simpler and thus more cost 
effective and reliable device structure; minimizing the possibility of effects such as de-
lamination during device operation. 
 
The incorporation of siloles into conjugated polymers for use as OLED emissive layers is 
clearly an attractive method of increasing both electron affinity and hole transporting ability, 
whilst lowering the LUMO and improving charge injection at the cathode. On top of these 
electronic advantages, there is the chemical advantage that unwanted emission wavelengths 
due to oxidations of the bridge-head atoms are not observed, even after prolonged 
annealing.
63
 
 
The main objectives of the research described in this thesis are to further investigate the 
use of dibenzosilole subunits within co-polymers for PLED devices and to explore alternative 
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silicon-bridged or silicon-containing conjugated materials for the same purpose.  The desired 
optical properties of the polymers to be investigated are a strong fluorescence emission in the 
violet / blue region of the electromagnetic spectrum (380-495 nm).  As discussed, this is 
already achieved by pristine samples of poly(fluorene), but rapidly degrades to a green / 
yellow emission when used in a device.  Therefore, structures with good thermal and optical 
stability in the desired emission range are crucial for successful device operation.   
 
1.8.2 - Investigation of Dibenzosilole Co-Polymer Materials 
Co-polymers with the general structure 1.56 will be investigated, using a systematic 
approach in altering both the linking positions of the dibenzosilole subunit and the co-
monomer used.  The physical and optoelectronic properties of the materials will be studied, 
with a view to correlating these properties with the structural features within the various co-
polymer backbones.  The ‘tuning’ of energy levels and energy gaps by co-polymerisation will 
be of particular interest. 
 
 
 
1.8.3 - Investigation of Silicon-Containing Materials with Alternative Architectures 
Alongside the dibenzosilole co-polymers being investigated in Chapter 2, silicon-
containing structures which allow the possibility of conjugated polymers linked through 
silicon centres within each repeat unit will be explored. This is an attractive possibility as it 
enables through-conjugation whilst removing vulnerable bridgehead carbon linkages and 
would make use of the inherent electron affinity of silicon to realise enhanced transport 
47 
 
properties within the emissive layer.  The general target subunit structures are 
disilaanthracene 1.57 and spirosilabifluorene 1.58. 
 
 
 
The electronic and optical properties of the conjugated polymers or oligomers will be 
thoroughly investigated in order to establish their suitability for use within OLEDs.  It will 
also be useful to try to gain insights into the structure-function relationship of these systems, 
especially with regards to the conjugation effects through silicon in various bridging 
situations.  These materials will be explored in Chapter 3, in which there is a comprehensive 
review of the background of this field of chemistry, along with the proposed target structures 
and rationale for their design. 
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2.1 – Introduction and Target Materials 
 
As mentioned in the introduction, it will be the focus of this chapter to explore the tuning 
of the HOMO and LUMO energies (and consequently the energy gap) of a series of new 
conjugated co-polymers for use as the emissive layer material within PLEDs.  These co-
polymers will be formed from two different dibenzosilole subunits, along with various 
dibromo-substituted co-monomer moieties, using Suzuki coupling reactions.  The tuning 
effects will be explored in two different ways: 
 
1) By altering the co-monomer, to introduce electron-transporting or hole-transporting 
subunits into the polymer backbone. 
2) By altering the coupling positions on the dibenzosilole subunit; linking the conjugated 
backbone either through the ‘3,6-’ or the ‘2,7-’ positions (See Figure 2.01). 
 
 
Figure 2.01: Carbon-numbering scheme for dibenzosilole and the coupling positions used in dibenzosilole monomers. 
 
Four different co-monomers have been selected for use within the proposed series of 
dibenzosilole co-polymers; two which possess electron-transporting characteristics, two with 
hole-transporting characteristics.  The resulting eight co-polymer materials, four with 3,6-
linked dibenzosiloles and four with 2,7-linked dibenzosiloles, will then be compared and 
contrasted in their optoelectronic and photophysical characteristics, in order to draw 
conclusions regarding the effects that the various linkage positions and structural moieties 
have had on the aforementioned energy levels (Figure 2.02). 
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Figure 2.02: Diagram showing the general structure of the eight dibenzosilole co-polymers. 
 
The co-monomers selected for their electron-transporting properties are both based on 5-
membered nitrogen heterocycles.  Previous studies have shown that oxadiazole subunits 
within conjugated polymers have enhanced electron-transporting properties due to the high 
electron affinity of oxadiazole.
1
  Triazole subunits are also reported to possess an enhanced 
electron affinity, but studies on their use in polymers is limited.
2
 Therefore monomers 2.01 
and 2.02 (Figure 2.03) will be synthesised and used accordingly in the planned co-polymers. 
 
 
Figure 2.03: Hole-transporting and electron-transporting monomers selected for co-polymerisation with dibenzosilole. 
 
Triazoles have an advantage over oxadiazoles in that there is an opportunity to enhance 
the monomer solubility (and subsequently co-polymer solubility) through functionalisation of 
the single bridging nitrogen with a solubilising moiety.  To this effect, triazole monomer 2.02 
has a side-group containing an octyl chain for enhanced solubility.  The hole-transporting 
monomers will consist of carbazole 2.03, a widely reported monomer used in both homo- and 
co-polymers for OLEDs,
3 
and triarylamine 2.04 (Figure 2.03).  Although there are many 
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literature examples of other triarylamines, this particular example is currently unpublished, as 
far as the author is aware.  The experimental procedure for the preparation of the triarylamine 
2.04 was kindly provided by Dr Scott Watkins (CSIRO, Australia). 
 
 
2.2 – Synthesis of Silole Monomers and Optimisation of Synthetic Route 
2.2.1 – 2,7-Linked Dibenzosilole Monomer 
Synthesis of the dibenzosilole monomer 2.10 was performed following the route reported 
by Holmes and co-workers,
4
  with particular emphasis on modifications to improve the 
yields.  Scheme 2.01 shows the reported synthetic route, along with the reaction conditions 
previously employed.  
 
 
Scheme 2.01: Synthetic route to 2,7-linked dibenzosilole monomers. 
[Conditions: (i) Cu, DMF, 125 °C, 3 h, 79%; (ii) Sn, HCl, EtOH, 100 °C, 2 h, 92%; (iii) Nitrosylsulphuric acid, conc. H2SO4, 0 °C, 1 h 
then KI, -10 °C to 50 °C, 2 h, 15%; (iv) t-BuLi, Si(C8H17)2Cl2, -90 °C, 81%; (v) t-BuLi, 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-
dioxaboralane, -78 °C, 57%] 
 
2,5-Dibromonitrobenzene was coupled using Ullmann conditions to give biphenyl 2.06 in 
79% yield.  This product was subsequently reduced with tin powder and HCl to afford the 
diamine 2.07 in up to 92% yield.  The diazotization and subsequent Sandmeyer iodination of 
diamine 2.07 to afford diiodide 2.08 was generally very low yielding (a maximum yield of 
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20% was achieved using the previously reported nitrosylsulphuric acid and conc. H2SO4 
conditions) and proved to be a major bottleneck in the monomer synthesis.  Therefore, this 
step was targeted for a series of investigations as an attempt to improve the yield.  It is 
believed that the poor yield of this step is due to the formation of a cyclic iodonium ion 2.11 
during the reaction (Scheme 2.02).
5-7
  
 
 
Scheme 2.02: Likely mechanism of cyclic iodonium ion formation.5 
 
Alternative conditions which employed KNO2, DMSO and HI
8 
gave no product, while the 
use of isoamyl nitrite as the nitrating agent and diiodomethane as both solvent and iodide 
source
9
 gave slightly improved results (~25%).  A much more successful strategy was to use 
a modification of classical diazotization conditions (HCl, NaNO2, KI).  The dilution of the 
reaction mixture was greatly increased and the addition of acetonitrile ensured the solubility 
of reagents and intermediates during the reaction.  By careful control of reaction temperature, 
the yield of this reaction was increased to 58% and consistent results were achieved on scales 
ranging from 500 mg to 15 g; larger scale reactions gave reduced yields, due to 
inhomogeneous mixing and poor temperature control.  This is a valuable improvement in the 
synthesis of dibenzosilole monomers, giving both a more reliable diazotisation step and much 
higher overall yields – making the large scale synthesis more viable (Scheme 2.03). 
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Scheme 2.03: Diazotisation and subsequent iodination. 
[Conditions: (i) HCl, H2O, MeCN, NaNO2, -10 °C, 1 h; (ii) KI, H2O, -15 °C to 80 °C, 16 h, 58%] 
 
The formation of dibenzosilole 2.09 from diiodide 2.08 proceeded via a selective double 
halogen-lithium exchange at the 2,2’-positions of the biphenyl.  The reaction was carried out 
at -90 °C to ensure selectivity between the two different halogen atoms, leading to lithiation 
of the iodine substituents only.  The dilithiated intermediate species was treated with a di-n-
alkyldichlorosilane to afford the ring-closed dibenzosilole product.  Due to low availability of 
the required di-n-octyldichlorosilane, in the first instance the silole monomer 2.12 was 
synthesised in 75% yield, using dimethyldichlorosilane to perform the ring closure.  It was 
hoped that the methyl substituents could be replaced with longer alkyl chains, following the 
procedure reported by Ishikawa et al.
10
 (Scheme 2.04).  However, the low solubility of 
dibenzosilole 2.12 resulted in low yields (~30%) of the monomer 2.13 and complicated 
purification.  
 
 
Scheme 2.04: Synthesis of methyl-substituted dibenzosilole monomer and subsequent attempt at transmetallation. 
[Conditions: (i) t-BuLi, Si(CH3)2Cl2, -90 °C, 75%; (ii) t-BuLi, 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane, -78 °C, 30%; 
(iii) Hexyllithium, THF, -78 °C to RT] 
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The transmetallation of dibenzosilole, to effect a substitution of the bridgehead alkyl 
chains, has been proposed to proceed via a five-coordinate silicon intermediate (Scheme 
2.05).   Attempts at substituting the bridgehead methyl groups of monomer 2.13 with hexyl-
chains, using hexyllithium at -78 °C gave a mixture of compounds.  Isolation of the mono- 
and di-substituted products by column chromatography proved to be highly challenging and 
none of the desired product 2.14 was observed. 
 
 
Scheme 2.05: Possible reaction mechanism for alkyl substitution at silicon bridgehead.10 
 
A commercial source of di-n-octyldichlorosilane was later found and the original synthetic 
route was used to afford dibenzosilole 2.09 in 81% yield.  The final step to the monomer is 
the borylation of the dibenzosilole 2.10, using t-butyllithium and 2-isopropoxy-4,4’,5,5’-
tetramethyl-1,3,2-dioxaboralane – a common reagent in synthesis of monomers for Suzuki 
coupling reactions.  Yields were generally around 60% after purification by recrystallisation 
from isopropyl alcohol (Scheme 2.01). The overall yield of monomer 2.10 was around 20%. 
 
2.2.2 – 3,6-Linked Dibenzosilole Monomers 
The synthetic route to dibenzosilole monomer 2.19 was published in 2005 by Holmes and 
co-workers
11
 and is shown in Scheme 2.07.  The starting material was formed by a homo-
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coupling of o-dibromobenzene with 0.5 eq. of n-butyllithium, which proceeded smoothly to 
afford biaryl 2.15 in 60% yield.   This reaction was originally reported in 1957 by Gillman 
and Gaj and it was originally postulated that a benzyne intermediate is involved in the 
reaction.
12
 This theory has subsequently been vouchsafed by a study published by Leroux and 
Schlosser.
13
 
 
(Scheme 2.06) 
 
 
Scheme 2.06: Benzyne mechanism for homo-coupling of o-dibromobenzene, as proposed by Leroux et al.13 
 
Dibromide 2.15 was reacted with n-butyllithium and the lithiated intermediate was treated 
with a solution of iodine in diethyl ether to form diiodide 2.16 in 64% yield.  The 
bromination of diiodide 2.17 was achieved with iron powder and bromine in carbon 
tetrachloride, in a 39% yield.  The reaction was also attempted with chloroform as solvent, 
but no product was observed after 2 days at 50 °C.  Compound 2.17 was treated with t-
butyllithium and di-n-octyldichlorosilane at -90 °C, as in the previous monomer synthesis, to 
give dibenzosilole 2.18 in 49% yield.  This compound was then reacted with t-butyllithium 
and 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane to afford the 3,6-linked monomer 
2.19 in 30% yield. 
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Scheme 2.07: Synthetic route to 3,6-linked dibenzosilole monomer.11 
[Conditions: (i) n-BuLi, Et2O, -78 °C to RT, 16 h then I2, Et2O, 0 °C to RT, 4 h, 64%; (ii) Fe powder, CCl4, Br2, 50 °C 16 h, 39%; (iii) 
t-BuLi, Si(C8H17)2Cl2, -90 °C to RT, 49%; (iv) t-BuLi, 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane, -78 °C to RT, 30%] 
 
The purification of monomer 2.19 was particularly troublesome.  Recrystallisation was the 
only suitable option, as attempted purification by chromatography on silica, alumina or 
florisil either resulted in decomposition of the product, or failure to separate the by-products.  
The crude product was a light-yellow oil.  Repeated attempts at trituration, vacuum 
distillation and sublimation failed, but after several days crystallisation occurred and 
subsequent recrystallisations from ethanol were trivial.  This accounts for the low yield of 
recovered material; the overall yield for monomer 2.19 was only 2%. 
 
2.3 – Synthesis of Co-Monomers 
2.3.1 – Triarylamine Monomer 
The synthesis of monomer 2.04 was achieved in a one-step process, utilising the ligand-
catalysed Ullmann condensation as reported by Goodbrand and Hu.
14-15
 1,10-Phenanthroline 
monohydrate and copper chloride were used as the catalyst system to couple one equivalent 
of 4-sec-butylaniline with two equivalents of 4-bromoiodobenzene.  No optimisation of the 
reaction was carried out, but a modest of yield of 33% of triarylamine 2.04 was recovered 
after extensive purification by column chromatography and recrystallisation.  4-sec-
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Butylaniline was used, as the butyl chain should enhance solubility of both the monomer and 
subsequent polymers (Scheme 2.08). 
 
 
Scheme 2.08: Ligand-catalysed Ullmann coupling to form triarylamine monomer.14-15 
[Conditions: (i) CuCl, 1,10-phenanthroline monohydrate, KOH, toluene, reflux 16 h, N2, 33%] 
 
After several recrystallisations from isopropyl alcohol the product crystals were of 
sufficient quality to obtain an X-ray crystal structure which is included, along with the 
refinement data, in the Appendices Chapter, Section 5.1.  The starting material 4-sec-
butylaniline is a chiral amine, supplied as a racemic mixture. Since no resolution is applied 
during the monomer synthesis, both enantiomers are present in the crystals, as illustrated in 
the X-ray structures shown in Figure 5.01. 
 
2.3.2 – Carbazole Monomer 
Synthesis of the known carbazole monomer 2.03 was carried out using a literature 
procedure,
16 
with some minor modification to the conditions employed.  9H-Carbazole was 
treated with 1-bromooctane under basic conditions, using tetrabutylammonium bromide as a 
phase transfer catalyst, to afford carbazole 2.20 in 72% yield after purification by column 
chromatography.  The bromination of 2.20 was realised by the use of N-bromosuccinimide in 
THF, at room temperature for 16 hours, to yield monomer 2.03 in 81% yield. (Scheme 2.09) 
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Scheme 2.09:  Synthesis of the carbazole monomer. 
[Conditions: (i) Et4NBr, 1-bromooctane, toluene, aq. NaOH, 70 °C 16 h, N2, 72%; (ii) NBS, THF, 0°C to RT 16 h, 81%] 
 
2.3.3 – Oxadiazole Monomer 
The synthetic route to oxadiazole monomer 2.01 follows well-established literature routes; 
reaction of a 1,2-diaroylhydrazine with phosphorus oxychloride to give a 1,3,4-oxadiazole 
was first reported in 1955 by Hayes et al.
17
   The condensation reaction of 3-bromobenzoyl 
chloride with hydrazine monohydrate afforded hydrazine intermediate 2.21 in 78% yield.  
This procedure was adapted from that reported by Chen et al for condensation of 4-
bromobenzoyl chloride.
18
  Treatment of this hydrazine with phosphorous oxychloride gave 
oxadiazole 2.01 in 88% yield (Scheme 2.10). 
 
 
Scheme 2.10: Synthesis of 1,3,4-oxadiazole monomer. 
[Conditions: (i) N-methyl-2-pyrrolidinone, N2H4.H2O, 0 °C to RT 16 h, N2, 78%; (ii) POCl3, 130°C, 7 h, N2, 88%] 
 
2.3.4 – Triazole Monomer 
The synthetic route to triazole monomer 2.02 follows that reported by Chen.
18
 The 
hydrazine intermediate 2.21, which was synthesised in the route to oxadiazole 2.01, is used as 
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the starting material.  Treatment of this compound with phosphorous pentachloride in toluene 
yields the hydrazine 2.22.  However, it was found that a large proportion of oxadiazole 2.01 
was also formed (approx. 1:3 ratio of oxadiazole : hydrazine).  A search of the literature 
revealed that this reaction was first reported as early as 1906 and that the paper indeed 
mentions formation of the two products observed.
19
 It was found that additional quantities of 
phosphorus pentachloride and an extended reaction time transformed the undesired 
oxadiazole component into hydrazine 2.22, but overall yields were low (~20%).  Reaction of 
hydrazine 2.22 with 4-octyloxyaniline in N,N-dimethylaniline, followed by treatment with 
HCl, afforded 1,3,4-triazole monomer 2.02 in 66% yield. (Scheme 2.11) 
 
 
Scheme 2.11: Synthesis of 1,3,4-triazole monomer. 
[Conditions: (i) PCl5, toluene, reflux, 16 h, 18%; (ii) N,N-dimethylaniline, 135 °C, 48 h, 66%] 
 
After several recrystallisations from isopropyl alcohol, crystals of 2.02 were formed in 
sufficient purity to obtain an X-ray crystal structure.  Both structure and refinement data are 
included in the Appendices Chapter, Section 5.2.  The structure is remarkably ordered, with 
virtually no disorder of the octyl chain (see Figure 5.02).  This could be relevant for inter-
chain packing scenarios once the monomer is incorporated into a co-polymer. 
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2.4 – Synthesis and Characterization of Dibenzosilole Co-Polymers 
2.4.1 – Synthesis of Co-Polymers using Suzuki Polycondensation Reactions 
A series of eight novel co-polymers were synthesised using ‘AA-BB’ Suzuki coupling 
methodology.  Reaction conditions were identical for each co-polymer and reaction scales 
were kept equivalent, within the two groups containing different dibenzosilole monomers.  
Monomers were added in a 1:1 stoichiometric feed ratio. Palladium (II) acetate was used as 
the catalyst, along with tricyclohexylphosphonium tetrafluoroborate as the co-catalyst. A 
biphasic mixture of toluene and 20% aq. tetraethylammonium hydroxide was used and the 
reactions were stirred vigorously under nitrogen at 110 °C.  The tetrafluoroborate salt was 
used instead of the conventional phosphine solution, as it is air stable which enables reagents 
to be weighed out much more conveniently and accurately.  These reagents have been shown 
to be very good replacements for conventional air-sensitive phosphines, and performance in 
Suzuki polymerisations is generally identical
20
 (Scheme 2.12). 
 
 
 
 
Scheme 2.12: General reaction scheme for Suzuki polycondensations. 
[Conditions: (i) 2 mol% Pd(II)(OAc)2, 8 mol% [(C6H11)3PH] BF4, 20% aq. (C2H5)4NOH,   110 °C 48 h, N2; (ii) bromobenzene, 2 
mol% Pd(II)(OAc)2, 8 mol% [(C6H11)3PH] BF4, 110 °C 16 h, N2; (iii) phenyboronic acid, 2 mol% Pd(II)(OAc)2, 8 mol% [(C6H11)3PH] 
BF4, 110 °C 16 h, N2] 
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End-capping of the polymer chains was achieved in two steps, firstly by addition of 
bromobenzene to the reaction mixture in order to couple with the boronic ester end group, 
then by addition of phenylboronic acid in order to couple with the bromo-terminated chain 
ends.  In both of these steps, fresh catalyst and co-catalyst was also added.  The workup and 
purification of the co-polymers was performed by precipitation into methanol, followed by 
filtration through Celite and silica plugs, then a further precipitation into methanol.  The 
polymer fibres were then filtered and rigorously dried under high vacuum.   Figure 2.04 
shows the eight different co-polymers synthesised using the outlined conditions. 
 
 
        
Figure 2.04: Alternating co-polymers synthesised with Suzuki polycondensation methodology. 
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2.4.2 – Analysis of Co-polymers 
Some of the physical properties of the co-polymers are summarised in Table 2.01.  The 
yields of the co-polymers are all reasonably high, ranging from 88% to 96%, showing that the 
samples were not fractionated during work-up and filtration.  However the molecular weights 
are universally very low, particularly for co-polymers containing the oxadiazole and 
carbazole monomers.  The polydispersity indices (PDI), determined by GPC and defined as 
Mw/Mn, were reasonably low for all samples, which is unsurprising given the low molecular 
weights and hence lessened scope for a wide variety of chain lengths or degrees of 
polymerisation. 
 
Co-polymer 2.23 2.24 2.25 2.26 2.27 2.28 2.29 2.30 
Silole used 3,6 3,6 3,6 3,6 2,7 2,7 2,7 2,7 
Co- 
monomer 
Carbazole Oxadiazole Triazole 
Triaryl-
amine 
Carbazole Oxadiazole Triazole 
Triaryl-
amine 
Yield 96% 89% 94% 92% 96% 88% 91% 92% 
GPC* 
Data 
Mn 4800 3300 6900 8000 3400 4000 6700 5700 
Mw 6600 5600 10500 10700 5500 4700 12200 11700 
PDI 1.38 1.7 1.52 1.34 1.61 1.19 1.82 2.05 
DSC† Tg / °C 76 90 107 84 87 67 111 90 
TGA‡ Td / °C 343 380 363 328 185 347 332 353 
Table 2.01: Physical properties of co-polymers 2.23-2.30. 
 [Note: Abbreviations used: 2,7 = monomer 2.10; 3,6 = monomer 2.18; Mn , Mw = number average,  weight average molecular 
weights; PDI = polydispersity index; Tg = glass transition temp.; Td = decomposition temp.  * - GPC data measured using mixed D 
columns, THF eluent and  poly(styrene) calibrant;  †- Using scan rate of 40 °C /min. Three cycles recorded. Average value given;  ‡ - 
Decomposition temp., as indicated by 5% weight loss. Scan rate of 10 °C /min] 
 
The GPC analysis of co-polymers 2.28, 2.23, 2.25 and 2.26 exhibited bimodal (and even 
trimodal) distributions within the detector response vs. retention time traces.  The cause of 
this has not been confirmed.  Table 2.01 lists only the highest molecular weight peaks; the 
full details can be found in the experimental data.  The GPC trace of co-polymers 2.23 
(bimodal) and 2.30 (unimodal) are included in the Appendices Chapter, Section 5.3 as an 
example (see Figure 5.03).  Possible causes of these distributions are: 
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1) Palladium (II) mediated homo-coupling of the boronic esters (dibenzosilole monomer 
2.10 or 2.18) to give a dibenzosilole homo-polymer as a by-product.
21-22
  
2) Poor solubility of the polymer in the GPC mobile phase (THF), which could lead to 
partial crystallisation and extended retention of material on the column. 
3) The formation of macrocycles, giving rise to well defined mono-disperse species. 
 
Homo-coupling of the boronic esters 2.10 or 2.18 is unlikely, as the elemental analyses for 
co-polymers 2.23, 2.24 and 2.28 are all very close to the expected values for an alternating 
copolymer; a homo-coupling would lead to a large discrepancy in the weight percentage of 
nitrogen.  Poor solubility on the GPC columns is also unlikely, as the co-polymers were all 
readily dissolved in THF at room temperature.  The most likely explanation is therefore the 
formation of macrocycles during polymerisation.  This phenomenon is often observed in 
polymerisations, especially with substrates which introduce a twist into the growing polymer 
chain.  On consideration of the materials seen to have bi/trimodal distributions, these are 
indeed the more twisted structures, featuring the 3,6-linked dibenzosilole subunit. 
 
 
2.5 – Comparison of UV Spectra and Conclusions Regarding Backbone Conjugation 
 
The UV-visible absorption spectra for co-polymers 2.23 to 2.30 were recorded in 
chloroform solutions and are displayed in Figure 2.05.  When comparing the absorption 
maxima and onset wavelengths of the four co-polymers containing 2,7-linked dibenzosilole 
monomers to those of their counterparts, there is a clear hypsochromic shift from 2,7-linked 
to 3,6-linked co-polymers. 
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Figure 2.05: UV-visible absorption spectra of co-polymers.  Recorded in CHCl3 solution and intensity-normalised. 
 
The optically determined energy gap between the frontier molecular orbitals of the co-
polymers can be calculated from the UV-vis spectra by two methods: either by using the 
approximated onset wavelength of the absorption (00 band edge) or by using the cross-
over point when comparing normalised UV-vis and PL spectra (vide infra).    The ‘onset’ 
method is more reliable, since it does not vary with spectrometer configurations; the 
‘crossover’ method depends on the conditions used for recording the PL spectrum (slit width, 
etc).  Therefore the onset measurements will be used when making comparisons and for 
calculations of orbital energy gaps.   
 
Table 2.02 summarises the absorption maxima, UV-Vis / PL crossover and absorption 
onset wavelengths for each of the co-polymers. Within each of these datasets, the differences 
in wavelength between dibenzosilole linkage positions are shown for each co-monomer, 
along with the resulting change in frontier orbital energy gap (ΔEg).  From this data it can be 
seen that co-polymers containing triarylamine (2.26 and 2.30) and carbazole (2.23 and 2.27) 
subunits have higher absorption onset wavelengths and consequently smaller energy gaps, 
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implying a greater degree of conjugation within these polymers.  When considering the 
difference in optical energy gap (ΔEg) observed when the dibenzosilole is linked through 
‘2,7’- or ‘3,6’-positions, the data (onset method) shows an increase with co-monomer in the 
order: triarylamine < carbazole  < oxadiazole < triazole.   
 
Measurement Co-monomer 
Wavelength λ /nm 
Δ λ 
/nm 
Δ Eg 
/eV 
2,7-Dibenzosilole 
(Eg/eV) 
3,6-Dibenzosilole 
(Eg/eV) 
Absorption 
Maximum 
Triarylamine 2.30: 390 2.26: 353 37 - 
Carbazole 2.27: 353 2.23: 296 57 - 
Triazole 2.29: 326 2.25: 268 58 - 
Oxadiazole 2.28: 320 2.24: 268 52 - 
Uv-vis / PL 
crossover 
Triarylamine 2.30: 419 2.26: 394 25 0.19 
Carbazole 2.27: 395 2.23: 362 33 0.29 
Triazole 2.29: 366  2.25: 329 37 0.38 
Oxadiazole 2.28: 372 2.24: 329 43 0.44 
UV-vis onset 
Triarylamine 2.30: 428 (2.90) 2.26: 400 (3.10) 28 0.20 
Carbazole 2.27: 398 (3.12) 2.23: 366 (3.39) 32 0.27 
Oxadiazole 2.28: 364 (3.41) 2.24: 328 (3.78) 36 0.37 
Triazole 2.29: 364 (3.41) 2.25: 312 (3.97) 52 0.56 
Table 2.02: Summary of UV-vis absorption onset wavelengths and UV-vis /PL cross-over wavelengths of co-polymers 2.23 to 2.30, 
along with calculated differences in wavelengths and energy gap energy. 
[Abbreviations used: PL = Photoluminescence; Eg = energy gap energy Δ λ = difference in wavelength; Δ Eg = difference in energy 
gap] 
 
An average wavelength difference, between the energy gaps of the 2,7- and 3.6-
dibenzosilole co-polymers, of 35 nm (0.33 eV) is obtained using the ‘crossover’ method, 
compared with an average difference of 37 nm (0.35 eV) using the ‘onset’ values.  For a 
demonstration of the calculation methods used for finding the absorption onset values and 
cross-over values, examples can be found in the Appendices Chapter, Section 5.4.  The reader 
is referred to Figure 5.04 and Table 5.01 for an example of the calculations involved in 
finding the UV-Vis absorption onset and to Figure 5.05 and Table 5.02 for an example of the 
method for finding the cross-over value. 
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The differences in the energy gaps (and hence changes in effective conjugation) for the 
2,7- and 3,6-dibenzosilole co-polymers can be rationalised by considering the maximum 
number of conjugated para-phenylene units within each polymer backbone.  Only para-
linked phenylene units can be considered to be conjugated, as the conjugation through meta-
linkages is too small to be of consequence.  As a direct consequence of this fact, the 3,6-
linked systems are always less conjugated than their 2,7-linked counterparts and therefore 
have larger energy gaps and smaller UV-Vis absorption onset wavelengths.   
 
Figure 2.06 shows a ‘cartoon’ depiction of a short chain of each of the eight co-polymers, 
arranged by co-monomer and dibenzosilole monomer used.  Maximum lengths of 
conjugation (through para-phenylene units) are highlighted in blue, while possible 
conjugation through other subunits is highlighted in purple.    
 
Within the triarylamine-containing co-polymers 2.26 and 2.30, overlap between the aryl π-
system with the p-orbital of the nitrogen atom leads to a high degree of conjugation along 
both of these polymer backbones (highlighted in purple).  In the case of 2.30, the length of 
conjugation is essentially ‘non-limited’ in theory (although in reality, steric interactions may 
limit this conjugation length, by causing rotational distortions and diminishing the orbital 
overlap).  The backbone of co-polymer 2.26 contains meta-linkages however, which limit the 
possible length of conjugation to either 2 or 5 phenylene units (highlighted in blue).  Since 
the change in orbital energy gap between these two systems is not particularly large, it can be 
inferred that the effective conjugation length in polymer 2.30 is therefore slightly longer than 
5 phenylene units.  The increased conjugation in these polymers leads to a decreased energy 
gap and an increased UV-Vis absorption onset wavelength (the highest amongst the eight co-
polymers). 
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When considering the carbazole-containing systems 2.23 and 2.27, some degree of 
conjugation is expected to exist (as with the triarylamines) between the aryl π-system and 
nitrogen p-orbital.
16, 23
  Since the UV-Vis absorption onset wavelength of 2.27 is within 2 nm 
of that of co-polymer 2.26, the effective conjugation of the (theoretically non-limited) co-
polymer 2.27 must also be around 5 phenylene units.  This indicates that the extent of 
conjugation through a 3,6-linked carbazole subunit is lower than that though a triarylamine 
subunit.  Accordingly, the onset wavelengths are lower for carbazole-containing co-polymers.   
 
When considering the oxadiazole- and triazole-containing co-polymers, it can be seen 
from Figure 2.06 that 2.28 and 2.29 both have maximum conjugation lengths of 3* and 4 
units (where * denotes an unknown extent of conjugation over the triazole/oxadiazole 5-
membered rings).  The maximum conjugation length for both materials is therefore predicted 
to be the same 4-unit stretch along the dibenzosilole subunit.  This postulation is supported by 
identical UV-Vis onset wavelengths for each material, with a value of 364 nm (giving an 
energy gap of 3.41 eV).  The 3,6-linked co-polymers 2.24 and 2.25 do not have the same 4-
unit maximum conjugation lengths, as the linkages are now ‘meta’; the oxadiazole/triazole 
subunits must therefore be the maximum conjugation lengths (3* units).  Since the onset 
wavelength is lower for 2.25 than for 2.24, it can be concluded that the oxadiazole subunit is 
more highly conjugated than the triazole subunit. 
 
In general, the 3,6-linked dibenzosilole co-polymers have lowered frontier orbital energy 
gaps, as a consequence of the diminished conjugation due to meta-linkages.  The difference 
in energy gaps between the 2,7-linked and 3,6-linked systems, ΔEg, is smaller for the 
triarylamine and carbazole-containing materials because the interaction of phenylene π-
orbitals with nitrogen p-orbitals leads to increased conjugation for both 2,7- and 3,6-linked 
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systems.  As a final observation, the energy gap of co-polymer 2.23 (3.39 eV) is almost 
identical to that of co-polymers 2.28 and 2.29 (3.41 eV).  This suggests that the longest 
conjugation length in 2.23 (the 4-unit carbazole-containing moiety) is equivalent, in energy 
gap terms, to the longest conjugation length in 2.28 and 2.29; the 4-unit dibenzosilole-
containing subunit.    
 
 
 
Figure 2.06: Cartoon depiction of maximum conjugation lengths within co-polymer backbones. 
[Note: † - May not be unlimited due to steric-induced distortional effects; * - denotes an extended conjugation, which may not have 
the same strength as a biphenyl subunit] 
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2.6 – Measurement of HOMO / LUMO Energy Levels and Photoluminescence Spectra 
2.6.1 – Cyclic Voltammetry Measurements 
Cyclic voltammetry was conducted on all eight co-polymers, having spin-cast the 
materials onto a glass-carbon working electrode.  A platinum wire counter electrode and Ag 
/AgCl pseudo reference electrode were immersed, along with the working electrode, in a 
solution of 0.1 M tetrabutylammonium perchlorate in acetonitrile under a blanket of argon.  
Measurements were calibrated using a ferrocene / ferrocenium couple as an internal standard. 
The energy levels were then determined in the same manner as described by Thelakkat et 
al.
24
  The results of these measurements are displayed in Table 2.03. 
 
Co-polymer Dibenzosilole Co-monomer 
Oxidation 
Potential 
(V) 
HOMO 
(eV) 
Reduction 
Potential 
(V) 
LUMO 
(eV) 
2.23 ‡ 3,6 Carbazole 0.72 -5.52 * * 
2.24 3,6 Oxadiazole * * * * 
2.25 3,6 Triazole * * * * 
2.26 ‡ 3,6 Triarylamine 0.53 -5.33 * * 
2.27 2,7 Carbazole 0.68 -5.48 * * 
2.28 2,7 Oxadiazole * * * * 
2.29 2,7 Triazole * * * * 
2.30 † 2,7 Triarylamine 0.56 -5.36 * * 
Table 2.03: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.  
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s and used to 
calculate HOMO; reduction sweeps performed at 100 mV /s for LUMO measurement; † = non reproducible, ‡ = non reproducible, 
new peak appearing; * = not observed] 
 
Co-polymers containing triazole subunits (2.25 and 2.29) and oxadiazole subunits (2.24 
and 2.28) gave no observable reduction or oxidation responses.  Co-polymers containing 
carbazole and triarylamine subunits gave a clear oxidation (HOMO) response, but both were 
irreversible (see the Appendices Chapter, Section 5.5: Figure 5.06).  Interestingly, the 
oxidation waves observed for co-polymers 2.23, 2.26 and 2.30 were non-reproducible. 
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For co-polymer 2.30, the response at 0.62 V becomes weaker with successive cycles, 
which could be due to dissolution of the sample from the working electrode surface, or to 
electro-decomposition to a redox-inactive species (Figure 2.07).   For co-polymer samples 
2.23 and 2.26 the waves were also non-reproducible.  But in these cases, while the original 
peak decreases in intensity, a new peak is observed to increase in intensity during progressive 
sweeps.   
 
Figure 2.07: Cyclic voltammogram showing oxidation sweeps for co-polymer 2.30 on spin-coated thin film. 
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s and used to 
calculate HOMO] 
 
 
Figure 2.08: Cyclic voltammogram showing oxidation sweeps for co-polymer 2.23 on spin-coated thin film. 
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s and used to 
calculate HOMO] 
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The oxidation response for co-polymer 2.26 at 0.62 V decreases, while the shoulder at 
0.50 V increases (see Appendices Chapter, Section 5.5: Figure 5.07); for co-polymer 2.23 the 
peak at 0.90 V decreases while the shoulder at 0.70 V increases - Figure 2.08).  This would 
indicate that an electrochemical reaction is taking place for these two co-polymers during the 
oxidation sweeps.  It is only the materials containing 3,6-linked dibenzosilole and a hole-
transporting subunit (carbazole or triarylamine) which show irreproducible oxidations.  
 
2.6.2 – Photoluminescence Spectra 
The co-polymers were spin-coated onto quartz plates and photoluminescence spectra of 
the thin films were measured.  Figure 2.9 shows the spectra obtained.  Dotted lines represent 
the 3,6-linked co-polymers, while the solid lines in the same colours represent their 2,7-
linked counterparts.  The majority of spectra display multiple emission maxima. This is due 
to multiple vibrational excitation states for the co-polymers.  Most of the samples emit in the 
violet-blue region of the visible spectrum (shown along the top edge of the graph for 
reference), however the largest emission maxima for co-polymers 2.23, 2.24 and 2.25 lie 
within the UV region (with 2.23 and 2.24 having large shoulder peaks in the blue region).  It 
should be noted that the emission spectra for 2.23 and 2.24 were particularly weak in signal 
intensity, possibly due to the quality of the spin-cast film, therefore these results are more 
tentative.  With this in mind, the emission spectra were also recorded in solution (chloroform) 
for comparison purposes.  The majority of the spectra were very similar with the exception of 
the two co-polymers just mentioned.  The differences are displayed in Figure 2.10.   
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Figure 2.9: PL spectra recorded for co-polymer samples spin-coated on quartz plates. 
[Excitation wavelengths used (in nm): 2.23 – 296; 2.24 – 268; 2.25 – 268; 2.26 – 353; 2.27 – 353; 2.28 – 320; 2.29 – 326; 2.30 - 390] 
 
 
Figure 2.10: Comparative PL spectra of co-polymers 2.23 and 2.24 in the solution and solid states. 
[Note: Solid state measurements taken on spin-cast quartz plates, solution samples measured in chloroform] 
 
Both materials are predominantly UV-emitters and show single emission maxima in 
solution (as did all of the co-polymer samples) which coincide with the largest maxima 
present in the solid state.  This suggests that aggregation effects within the solid state samples 
are causing an additional lower energy emission. 
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The CIE coordinates of emission from the eight co-polymers, in the thin-film state, were 
determined from the photoluminescence spectrum from each material and the results are 
plotted in Figure 2.11 (The region shown is an enlargement of a small area of the 1931 colour 
space, highlighted by the red box).  It can be seen that all of the materials produced emissions 
with a deep blue colour and the results are within a tight grouping around the coordinates 
which are recommended for high definition blue OLED devices (0.15, 0.06).  The table inset 
into Figure 2.11 gives the actual coordinate values.  Only materials 2.23, 2.27 and 2.30 do not 
give a pure blue emission. 
 
 
Figure 2.11: CIE coordinates of co-polymer emission, as determined from integration of photoluminescence spectra. 
 
2.6.3 – Determination of Frontier Energy Levels 
The reduction and oxidation peak values obtained from cyclic voltammetry measurements, 
along with the UV-vis spectra from each co-polymer, were used to calculate the HOMO and 
79 
 
LUMO energy levels for each material.  These values are displayed in Figure 2.12 and are 
grouped by co-monomer for purposes of comparison between the differently linked 
dibenzosilole subunits.  The optical energy gap was calculated from the absorption onset 
wavelength for each compound.  Since no reduction or oxidation responses were observed for 
the triazole- or oxadiazole-containing co-polymers, values for the HOMO energy levels were 
obtained from the PESA method, which will be discussed in the next section.   
 
 
Figure 2.12: Co-polymer energy levels, as determined from UV-vis absorption onset wavelengths and CV measurements. 
[Note: white bars are values from UV-vis / PESA measurements] 
 
It can be seen in Figure 2.12 that the orbital energy gaps are larger for the 3,6-
dibenzosilole co-polymers than for their 2,7-linked counterparts.  The material with the 
smallest energy gap (2.90 eV) is co-polymer 2.30, containing triarylamine and 2,7-
dibenzosilole subunits.  The largest orbital energy gaps are found for co-polymers 2.24 (3.78 
eV) and 2.25 (3.97 eV), containing oxadiazole and triazole respectively, along with 3,6-
dibenzosilole subunits.  Co-polymers containing 2,7-dibenzosilole, along with oxadiazole 
(2.28) and triazole (2.29) subunits, exhibit the lowest HOMO levels.  Those materials 
containing 3,6-linked dibenzosilole, along with oxadiazole (2.24) and triazole (2.25) subunits 
exhibit the highest LUMO levels. 
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2.6.4 – PESA Measurements and Comparisons of Co-Polymer Energy Levels 
Alongside the measurements obtained using cyclic voltammetry, the ionisation potential 
(HOMO energy levels) of each of the co-polymers were recorded using the Photoelectron 
Emission Spectroscopy in Air (PESA) technique.  Samples were spin-coated onto glass 
microscope slides and a Riken-Keiki Co. ACII spectrometer was used to measure the 
ionisation energy values.  The spectrometer consisted of a monochromatic UV source and an 
open electron counter.  UV radiation was directed at the material surface and the energy of 
the radiation increased stepwise.  Once the ionisation potential was reached photoelectrons 
were emitted from the surface and counted in the detector. An example of the use of this 
technique within the literature is the measurement of the HOMO levels of dibenzochrysene 
derivatives published by Winzenberg et al.
25
 
 
 
Figure 2.13: Comparison of co-polymer energy levels, as determined CV measurements and PESA measurements. 
[Note: energy gaps determined by UV-vis absorption onset. Dark blue bars are values obtained from CV measurements; light blue 
from PESA] 
 
Figure 2.13 contrasts the frontier orbital energy values obtained from CV measurements 
and UV data (dark blue bars) with those obtained by PESA methods and UV data (light blue 
bars).  The energy levels obtained with the two methods are similar for all samples where CV 
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data exists.  The best correlations are found with the 2,7 linked materials.  Considering the 
irreducibility of many of the cyclic voltammetry results, the PESA-derived values are used 
when making comparisons of energy levels for each of the co-polymers. 
 
On examination of the derived frontier molecular orbital energy levels, certain trends 
emerge.  Within the group of co-polymers containing 3,6-linked dibenzosilole, those 
materials which include a hole-transporting subunit (2.26 – triarylamine, 2.23 – carbazole) 
have a hole-blocking nature, due to low HOMO levels (2.26: -5.62 eV; 2.23: -5.77 eV).  
Those which include an electron-transporting subunit (2.24 – oxadiazole, 2.25 – triazole) 
have an electron-blocking nature, due to high LUMO levels (2.24: -1.72 eV; 2.25: -1.76 eV).  
It can be seen, therefore, that for 3,6-dibenzosilole co-polymers, the transport properties of 
the material are opposite to the transporting nature of the co-monomer subunit. 
 
This trend is reversed, however, for the co-polymer materials containing 2,7-dibenzosilole 
subunits.  For the co-polymers containing a hole-transporting subunit (2.30 – triarylamine, 
2.27 – carbazole), a hole-transporting nature is observed, due to raised HOMO levels (2.30: -
5.43 eV; 2.27: -5.47 eV).  For those materials containing an electron-transporting subunit 
(2.28 – oxadiazole, 2.29 – triazole), an electron-transporting nature is observed, due to 
lowered LUMO levels (2.28: -2.42 eV; 2.29: -2.53 eV). 
 
For a single-layer PLED device, co-polymer 2.30 would be expected to have the greatest 
efficiency due to having the lowest barriers for injection both at the anode and the cathode. 
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2.7 – Device Fabrication and Testing 
 
Having prepared the series of dibenzosilole co-polymers and analysed their physical 
properties, a batch of PLED devices was fabricated in a clean-room environment at the 
Cambridge Display Technology fabrication facility.  All testing of the devices was carried out 
in the same facility.  For each of the different emissive materials, a set of four PLED devices, 
each with 8 pixels, was prepared with the configuration shown in Figure 2.14. 
 
 
Figure 2.14: OLED structure diagram for blue emission devices fabricated at Cambridge Display Technology. 
 
Before commencing the device fabrication, a nominal thickness of emissive layer of 50 
nm was chosen and several spin-coating trials of solutions of varying concentrations at 
changing spin-speeds were performed.  In many cases, the quality of film formed from the 
polymers was poor and film thickness measurements, as recorded by a Dektak stylus profiler, 
were erratic.  With the required spin conditions, solvent and solution concentrations to 
achieve a 50 nm film of each of the eight co-polymers, the necessary solutions were prepared 
ready for device fabrication. 
 
Pre-patterned ITO-covered glass plates were annealed and UV / ozone cured before a 10 
nm layer of PEDOT:PSS was deposited by spin-coating.  Having annealed this layer at 170 
Anode – Glass/ITO
10 nm PEDOT:PSS
50 nm Silole co-polymer
0.5 nm Ba
100 nm Al
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°C, a 50 nm layer of the emissive layer (from the range of co-polymers 2.23 to 2.30) was 
spin-coated and dried before briefly annealing at 80 °C.  A metal evaporation system, with a 
shadow-mask grille, was used to deposit a 0.5 nm layer of elemental barium, followed by 100 
nm of elemental aluminium.  The whole device was then encapsulated within a moisture / 
oxygen impermeable casing, complete with electrical pin contacts attached to the separated 
electrodes.  A purpose-built testing rig was used to automatically analyse the photophysical 
properties and current/voltage characteristics of each batch of devices.  Figure 2.15 shows the 
image recorded for illumination of the batch of devices containing co-polymer 2.26 at 9 V.   
 
 
Figure 2.15: Photographs of devices containing co-polymer 2.26 in operation at 9V driving voltage. 
 
Surprisingly, a red emission is seen (with very low intensity).  From the set of blue OLED 
devices tested this was the only batch which produced an emission bright enough to 
photograph.    The area in Figure 2.15 encircled in white shows a small circular patch with a 
blue emission.  This type of ‘comet’ defect is due to either foreign material (dust, etc) or 
crystallised material present just before the solution spreading phase of the spin-coating 
process.  The radial effect of this point defect can be seen as a shadow running towards the 
top left corner of the plate.  It can be seen that there are many defects in the film including 
comets and also pinholes (encircled in green).  These pinholes are not due to film-forming 
defects, but are a result of failure of the encapsulation, leading to ingress of oxygen.  Indeed, 
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it was found that the encapsulation had completely failed in many of the devices in this test 
batch, leading to complete de-lamination of the plates, at the interface between the cathode 
and emissive layer. 
 
The most likely explanation for the de-lamination and red emission is that the actual 
thickness of emissive layer was in fact far greater than the nominal 50 nm.  Due to the 
irreproducibility of the spin-coating trials and extreme difficulties in obtaining clean, usable 
trench profiles for thickness measurements, it is quite possible that the actual film thickness 
could differ greatly to the nominal value.  Changes in the emissive layer thickness can greatly 
affect the emission colour for poly(fluorene)-type materials and relatively small increases in 
layer thickness can have drastic consequences for device efficiencies, often causing a order of 
magnitude reduction.
26
 These changes can be caused by an optical interference effect within 
the ‘weak microcavity’27, based on the distance of the emission zone from the reflective 
cathode, along with the wavelength of emitted light.  Changes in film morphology at the 
point of light emission, along with self-absorption by the emissive material can also have a 
great effect on the device output.  Simulations of emission from a white OLED device, by 
Meerholz and co-workers, have shown that the zone of emission can affect the out-coupling 
of different wavelengths of light; with larger distances between cathode and emission zone 
favouring red light out-coupling.
28
 
 
Figure 2.16 shows the electroluminescence spectra for those devices with a measurable 
output at 9 V driving voltage.  All of the signals are very weak, leading to noisy data.  The 
spectrum for co-polymer 2.27 (containing 2,7-dibenzosilole / carbazole subunits) shows 
emission in the blue region of the spectrum, with only a slight red-shift (~10 nm) in 
comparison to the photoluminescence spectrum (Figure 2.9).  The traces for co-polymers 
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2.23 (3,6-dibenzosilole / carbazole) and 2.30 (2,7-dibenzosilole / triarylamine) are extremely 
weak in intensity and show emission occurring in both the blue and red regions of the 
spectrum, with the blue emission being dominant.  The electroluminescence spectrum of co-
polymer 2.26 (3,6-dibenzosilole / triarylamine subunits) is greater in intensity and relatively 
noise-free, but surprisingly the emission is mainly in the red region of the spectrum, with 
only a minor blue emission.  This was visualised in the device photograph (Figure 2.15) and 
the emission peak at 420 nm must come from the comet defect points, as mentioned 
previously. 
 
 
Figure 2.16: Electroluminescence spectra of co-polymers 2.23, 2.26, 2.27 and 2.30, recorded at 9 V (co-polymer 2.28 recorded at 14 V 
inset). 
 
It was found that by increasing the driving voltage to 14 V, an electroluminescence 
spectrum could also be measured for co-polymer 2.28 (containing 2,7-dibenzosilole / 
oxadiazole subunits).  The output is very weak however, leading to a large amount of noise. 
The emission for this co-polymer was in the blue region only, with no red emission observed 
(See inset area of Figure 2.16).  It was found that while some of the other devices did indeed 
2.27 
2.30 
2.23 
2.26 
2.28 
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turn on at this higher voltage, they were so unstable at 14 V driving voltage that the lifetimes 
were too short for electroluminescence spectra to be recorded.   
 
Table 2.04 shows a summary of the CIE coordinates and quantum efficiencies recorded 
for the four devices which gave measurable values, along with the CIE coordinates 
determined for the photoluminescence of each co-polymer.  A very large colour change is 
seen for all materials except co-polymer 2.27, which gave a deep blue device emission. 
 
Co-polymer 
PL CIE 
coordinates  
Device CIE 
coordinates 
QE Factor 
2.23 [0.16, 0.09] [0.30, 0.28] 0.0108 (1%) 
2.26 [0.16, 0.05] [0.48, 0.35] 0.0062 (0.6%) 
2.27 [0.16, 0.07] [0.20, 0.15] 0.0111 (1%) 
2.30 [0.15, 0.10] [0.26, 0.23] 0.0100 (1%) 
Table 2.04: Summary of emission properties of co-polymers. 
[Abbreviations used: QE = quantum efficiency, as determined by division of current passing through device by number of photons 
detected (at the photoluminescence maximum wavelength)] 
 
The luminance values from individual pixels in each of the devices were recorded, over a 
driving voltage range of 8 to 14 V.  The average results for each batch of devices tested are 
shown in Figure 2.17, along with the values for individual pixels.  It can seen that device 
pixels containing co-polymer 2.26 (3,6-dibenzosilole / triarylamine subunits) gave the highest 
luminance levels, of up to 150 cd /m
2
.  The results vary considerably though and the average 
is around 20 cd /m
2
.   Pixels containing co-polymer 2.23 (3,6-dibenzosilole / carbazole) gave 
the most reproducible / stable luminance outputs, while those containing co-polymer 2.30 
(2,7-dibenzosilole / triarylamine) show a very large drop in luminance at around 12 V, most 
likely due to rapid degradation of the polymer.  The luminance values for co-polymer 2.27 
(2,7-dibenzosilole / carbazole subunits) are uniformly low in comparison with the other 
devices tested, with a peak value of only 1 cd /m
2
. 
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Figure 2.17: Luminance vs voltage plots for blue PLED devices. 
 
 
Figure 2.18: Average current density versus voltage plot (with raw data inset). 
 
The current densities, again for each individual pixel, were measured over a voltage sweep 
from -4 V to +14 V bias.  The curves for the individual pixels and for the average across 
device batches are displayed in Figure 2.18; the data for individual pixels is also shown.  The 
graph traces for co-polymers 2.23, 2.26 and 2.30 show reasonably high current densities in 
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the 10 V to 14 V range; all reaching 100 mA /cm
2
 at around 13.75 V.  The average data 
curves are fairly noisy below 8 V however, making interpretation of these results difficult.   It 
would appear that co-polymer 2.23 devices reached a relatively high current density of 1 mA 
/cm
2
 at a 3.75 V driving voltage.  While densities recorded for 2.27-containing devices 
covered the widest range, the average of the values was the lowest amongst the devices, 
reaching only 1 mA /cm
2
 at 12 V. 
 
In contrast to the reasonably high current densities observed, the luminance efficiencies 
were extremely low when measuring at a given current density (the highest value being only 
0.09 cd /A at 100 mA /cm
2
) or at given luminance levels (0.12 cd /A at 0.1 cd /m
2
).  As the 
current density decreased, the maximum luminance efficiencies increased in the case of 
devices containing co-polymer 2.26.  This shows that with increasing voltage, the 
concomitant increase in luminance is greater than the increase in current density (see 
Appendices Chapter, Section 5.6.1 for efficiency graphs; Figures 5.09 and 5.10). 
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2.8 – Using Co-Polymers as a Host Material for Green Phosphorescent Devices 
 
At the same time as the batch of blue devices (Section 2.7) were prepared, a set of four 
green-emitting devices were fabricated, using the dibenzosilole co-polymers as host materials 
for a green phosphorescent iridium guest complex. The precise nature of the green 
phosphorescent iridium complex was not disclosed by the industrial partner, due to 
commercial confidentiality.  For further general information on these materials, the reader is 
directed to the review by Park and co-workers.
29
 The co-polymers were those containing 
triarylamine and triazole (2.25, 2.26, 2.29 and 2.30), as these materials had the highest 
molecular weights and therefore the greatest chances of success in a device due to their 
improved ability to form films.   
 
 
Figure 2.19: OLED structure diagram for green emission devices fabricated at Cambridge Display Technology. 
 
 
Figure 2.19 shows the OLED structure employed in the device fabrication process.  An 
interlayer material, poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine) (TBF) 
was used between the PEDOT:PSS and emissive layers in order to improve hole mobility and 
charge transfer balance.
30
 The device structure is much the same as that employed for the 
blue-emitting OLED systems, the only difference being the inclusion of the TFB interlayer, 
which was not deemed worthwhile for the blue devices, since it would have caused a barrier 
Anode – Glass/ITO
10 nm PEDOT:PSS
10 nm Interlayer - TFB
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0.5 nm Ba
100 nm Al
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to injection.  Identical testing procedures were used to measure the device performances for 
each co-polymer blend material.  The electroluminescence spectra of all four devices are 
shown in Figure 2.20.  It can be seen that while the triazole-containing materials 2.25 and 
2.29 gave sharp emission peaks in the green spectral region, those materials containing 
triarylamine (2.26 and 2.30) were far weaker in intensity and had emission maxima in both 
the green and red regions of the spectrum, with the red emission being the most intense. 
 
 
Figure 2.20: Electroluminescence spectra for green phosphorescent devices, recorded at 9V. 
 
 
Figure 2.21: Photographs of devices containing blend of (a) co-polymer 2.25 and (b) co-polymer 2.26 in operation at 9 V. 
 
Two photographs taken of the devices during operation are displayed in Figure 2.21.  It 
can be seen that the pixels containing co-polymer 2.25 blend (photograph (a)) are of a deep 
green colour and the film quality is reasonably high, with no pin-holes and traces of only one 
‘comet’ defect.  Meanwhile, pixels containing co-polymer 2.26 blend (photograph (b)) have a 
far more yellow-green hue, as would be expected from the large red-emission observed in the 
electroluminescence spectrum.  The film is also of a lower quality, similar to those observed 
2.29 
2.30 
2.25 
2.26 
(a) (b) 
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for the blue-emitting devices in Section 2.6.  The CIE colour coordinates and quantum 
efficiencies are summarised in Table 2.05.  Although the brightness (and quantum efficiency) 
of devices containing blends of co-polymers 2.25 and 2.29 were very low, the colours were a 
very good match for the CIE green specifications (0.30, 0.60). 
 
Host polymer 
CIE 
coordinates  
Colour Factor Quantum Efficiency Factor 
2.25 [0.32, 0.62] 1.028 0.0031 (0.3%) 
2.26 [0.48, 0.47] 0.607 0.0053 (0.5%) 
2.29 [0.34, 0.60] 0.985 0.0032 (0.3%) 
2.30 [0.48, 0.39] 0.398 0.0081 (0.8%) 
 
Table 2.05: Device data for green phosphorescent devices. 
 
The average luminance versus voltage plots for each device batch are shown in Figure 
2.22, along with the data for each individual pixel.  The plots show that co-polymer 2.26 
blend devices gave the lowest luminance levels throughout, reaching only 10 cd /m
2
 at almost 
12 V.  From the average values, plotted in Figure 2.22, it can be seen that the majority of 
pixels containing this co-polymer blend had degraded by 13 V operating voltage.   
 
 
Figure 2.22: Average luminance vs voltage plot for green phosphorescent devices (with raw data inset). 
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Figure 2.23: Average current density vs voltage plot for green phosphorescent devices (with raw data inset). 
 
Figure 2.23 shows the average current densities, versus voltage, for each batch of devices 
and the data collected for individual pixels.  As with the luminance levels, those devices 
containing blends with co-polymers 2.26 and 2.30 show a rapid degradation at 12.5 V and 10 
V respectively.  Those devices containing blends of co-polymers 2.25 and 2.29 had the 
lowest current density across all voltages, but as seen in Figure 2.22, also had the highest 
luminance levels.  These devices therefore had far greater efficiencies at given luminance or 
current density levels.  In both cases, the efficiencies for pixels containing blends of co-
polymers 2.26 and 2.30 were extremely low, while those containing a blend of co-polymer 
2.25 were highest, with values of 6.0 cd /A at 100 cd/m
2
 luminance and 6.2 cd /A at 1 mA 
/cm
2
 current density. (See the Appendices Chapter, Section 5.6.2 for efficiency graphs, 
Figures 5.11 and 5.12) 
 
 
 
 
93 
 
2.9 – Conclusions and Outlook 
2.9.1 - Devices 
From the photoluminescence measurements and frontier orbital energy levels, all of the 
co-polymer materials showed promise for use as blue OLED emissive materials.  However, 
both the blue fluorescent and green phosphorescent devices performed poorly.  The 
overriding factor in this poor performance is ascribed to the film-forming capabilities of the 
co-polymer materials.  It could be observed from photographs of individual pixels that the 
film surfaces had many defects and it is postulated that the actual film thickness was far 
greater than the intended 50 nm, leading to de-lamination in some device batches and greatly 
red-shifted emission colour.  It is possible however, to draw some conclusions from the 
device performances by considering the correlations with energy levels and co-polymer 
structures.   
 
Devices fabricated with co-polymers 2.26 and 2.30 gave the highest luminance levels and 
current densities (within the voltage range 8 to 12 V).  These materials both feature a 
triarylamine subunit and exhibit the lowest LUMO levels within the series of co-polymers.  
This suggests that the reduced electron-injection barrier led to improved device performance, 
which in turn implies that the electron-injection barrier is of more importance than the barrier 
for hole-injection, for the dibenzosiloles tested within the device architecture employed.  The 
device containing co-polymer 2.26 displayed mostly red emission, while that containing 2.30 
displayed mostly blue emission.  It can therefore be envisaged that the higher HOMO level of 
2.30 (-5.43 eV) reduces the hole-injection barrier, leading to improved charge injection 
balance and increased polaron recombination within the desired zone of emission.  In the case 
of 2.26, a lowered HOMO level (-5.62 eV) increased the hole-injection barrier, which leads 
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to an unbalanced charge injection and the recombination of polarons closer to the 
PEDOT:PSS/emissive layer interface than within the desired emission zone. 
 
Carbazole-containing co-polymers 2.23 and 2.27 afforded devices with lower luminance 
levels and current densities than those containing 2.26/2.30.  Both of these materials feature 
slightly higher LUMO levels than the triarylamine-containing copolymers (2.23: -2.38 eV; 
2.27: -2.35 eV).  Accordingly, the electron-injection barrier is increased, leading to the 
observed decrease in device performance.  The device containing co-polymer 2.27 produced 
the best observable emission profile (Figure 2.16), showing a pure blue output, while the 
device containing 2.23 produced the lowest intensity and widest emission profile, giving a 
mixture of blue and red electroluminescence.  The higher HOMO level of 2.27 (-5.47 eV) 
reduces the hole-injection barrier, thereby improving charge injection balance and resulting in 
polaron recombination / emission occurring within the desired emission zone.  In the case of 
2.23 however, the lower HOMO level (-5.77 eV) leads to an increased hole-injection barrier 
and a poor balance of charge injection, hence radiation recombination of polarons will occur 
predominantly towards the PEDOT:PSS/emissive layer interface 
 
In contrast with these materials, co-polymers containing electron-transporting oxadiazole 
(2.24 and 2.28) and triazole (2.25 and 2.29) subunits afforded the worst devices, with only the 
device containing co-polymer 2.28 giving any measurable output.  These materials had the 
highest LUMO (2.24 and 2.25) or lowest LUMO (2.28 and 2.29) levels and therefore the 
greatest barriers to electron- and hole-injection respectively.  From within this grouping, co-
polymer 2.28 had the most balanced charge injection barriers and the smallest energy gap, 
due to the 2,7-dibenzosilole subunit, which may explain why it was the only material to give 
a working device. 
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When examining the performance of the green phosphorescent devices, it is necessary to 
consider the energy levels of both the host and guest material.  Since these levels are not 
known for the phosphorescent iridium host complex, due to confidentiality reasons, 
relationships must be inferred by the relative device performances.   
 
From the electroluminescence spectra (Figure 2.20) it can be seen that the emission profile 
for devices containing co-polymers 2.26 and 2.30 both have far greater contributions from a 
red-emitting species than from the green-emitting guest complex. Comparison of these 
profiles with the spectra recorded for the blue devices (Figure 2.16) shows that the emission 
is indeed coming mainly from the co-polymer host.  This suggests an energy mismatch 
between the energy levels of these two materials with those of the iridium complex, which 
can be explained by the smaller energy gap of the triarylamine-containing polymers in 
comparison to the materials containing triazole subunits.    
 
In contrast to the luminance and efficiency values, the current density for these two 
devices was highest amongst those fabricated.  Since the emission is mainly from the 
dibenzosilole co-polymers, this can be explained by the same arguments as for the blue 
devices, i.e. the higher HOMO levels due to the hole transporting triarylamine subunits leads 
to reduced injection barriers at the anode and better charge transport characteristics.   
 
The best performances were obtained with devices using co-polymers 2.25 and 2.29, both 
of which contain electron-transporting triazole subunits and have wide orbital energy gaps.  
For both of these devices, the emission profile in the electroluminescence spectra (Figure 
2.20) can be seen to have no contribution from the co-polymer hosts, indicating a far greater 
match between the energy levels of the guest and host materials.  This also explains the 
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higher luminance and efficiency values for both materials, since emission from a 
phosphorescent material will generally have far greater efficiencies due to its triplet 
harvesting ability (as discussed in the introduction).   
 
There was a four-fold increase in device efficiencies for those devices containing co-
polymer 2.25 over those containing 2.29.  It can be postulated therefore that the LUMO level 
of the iridium guest complex lies below that of co-polymer 2.25, affording better charge 
transfer between the two materials; it lies slightly above that of co-polymer 2.29, causing a 
small electron injection barrier from host to guest. 
 
2.9.2 – Potential of Dibenzosilole-Based Materials for PLEDs and Opportunities for 
Improvement 
From the excellent photoluminescent properties (which in several cases meet the CIE 
coordinate specifications for blue emission) and general stability of the polymers synthesised, 
it is clear that dibenzosiloles are good candidates as subunits within emissive materials for 
blue PLEDs.  They were however, disappointing in their device performances, due mainly to 
poor film formation.  The best performing materials were those with the lowest LUMO levels 
(triarylamine-containing co-polymers 2.26 and 2.30) and the smallest energy gaps (co-
polymer 2.30).  In conclusion, a future study of dibenzosilole-containing co-polymers should 
include: 
 
 An optimisation of polymerisation conditions in order to maximise molecular weight and 
improve film-forming abilities.  This could include improved monomer purification and 
monitoring of the polymerisation by GPC to determine whether the reaction kinetics are 
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particularly slow or whether the coupling rate decreases due to solubility issues, as the 
product chain length increases from the oligomeric to the polymeric regime.   
 Further exploration of the HOMO / LUMO tuning by altering the co-monomer materials.  
Perhaps a combination of both hole- and electron-transporting moieties, such as in 
general structure 2.31, would further enhance charge balance within the OLED devices 
and improve performance. 
 
 
 
Some of the co-polymers showed promise as host materials for phosphorescent guest 
complexes but, as with the blue devices, most were hampered by poor film formation.  It is 
clear that wide energy gap materials with high LUMO levels (3,6-dibenzosilole / triazole co-
polymer 2.25) provide the best results as energy can be transferred more efficiently between 
the LUMO levels of host and guest.  Therefore the 3,6-dibenzosiloles are better candidates 
for this application.  It would be worthwhile exploring co-polymers of 3,6-dibenzosilole with 
other hole-transporting subunits, in order to raise the HOMO levels and improve current 
densities. 
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CONTAINING CONJUGATED 
MATERIALS FOR BLUE EMISSION 
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3.1 - Introduction and Overview of Literature Examples 
 
The birth of organosilicon chemistry occurred almost 150 years ago when in 1863 the 
formation of tetraethylsilane, from tetrachlorosilane and diethylzinc, was reported by Friedel 
and Crafts.
1
  The field has grown enormously since then, especially with the development of 
the silicone industry and the now widespread use of silyl halides, such as TMSCl to afford 
the silane protecting group 3.01, in organic synthesis.  A very good essay on the history of the 
development of the field, especially with regard to the silicone industry, has been written by 
Seyferth.
2
 
 
 
 
 
The use of silicon within conjugated materials is almost exclusively in the form of silole 
materials 3.02, as discussed in the previous chapter.  Silicon is also known to have stable 5-
coordinate forms such as the methyl-substituted spirosilabifluorene salt 3.03.
3
  Silabenzenes 
3.04 are known to exist but are generally extremely unstable and therefore not of any 
practical use.
4
  One of the only known stable forms is 3.05, which uses very bulky 
substituents to stabilise the silabenzene ring, reported in 2000 by Wakita et al..
5
 
 
As discussed in the review of dibenzosilole-containing materials in Chapter 1, Trogler and 
co-workers have published a series of alternating polymers and co-polymers incorporating 
silafluorene-vinylene units 3.06, which proved to be valuable materials for the sensing of 
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high-explosive particles.
6-9
 Figure 3.01 shows the structure of these materials and a molecular 
orbital diagram, taken from the work by Trogler, depicting the frontier orbitals of the silole-
vinylene subunit.  Theoretical studies indicated sufficient interaction of the silole σ* orbitals 
with the π orbital of the vinylene moiety to afford some degree of conjugation between both 
the silicon atom and the butadiene unit, along with the linker unit as well. (Figure 3.01) 
 
 
Figure 3.01: Vinylene-linked dibenzosiloles and molecular orbital diagram showing frontier orbitals.6 
 
This model was supported by a bathochromic shift in the photoluminescence spectra of 
around 13 nm for the co-polymers compared to equivalent trimer model compounds.  This 
shift signifies a decrease in the energy gap of the co-polymers with increasing chain length, 
demonstrating conjugation through the silicon-vinylene linkages.  One of the co-polymers 
studied (3.06, where Ar is a spirobifluorene subunit 3.07) gave a fluorescence quantum yield 
(in solution) of 1.00
*
 and a solid state fluorescence emission maximum at 475 nm.  The high 
quantum yield is ascribed to the bulky nature of the spirobifluorene subunit, which increases 
chain separation, thus minimising energy loss through non-radiative pathways (such as inter-
chain transfer).
10 
 Several polymers containing alternating silicon / silane and conjugated 
linkers have been synthesised for a variety of applications including chemical sensors, 
fluorescent materials, semi-conductors and fire retardants.  A review of some of these 
publications has been written by Sanchez and Trogler.
8
 
 
                                                 
*
 Relative to 9.10-diphenylanthracene in toluene 
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A conjugated polymer, linked via silicon centres, would therefore seem to be an attractive 
proposition for applications in organic electronics.  The goal is to synthesise systems that 
provide sufficient conjugation for good charge mobility and reduced energy gaps, whilst 
taking advantage of the high electron affinity of the silole subunits to lower the LUMO levels 
in comparison to their carbon analogues.   Our approach to the challenge has been to prepare 
conjugated polymers which are linked through one or more silicon atoms within each 
constituent repeat unit.  The two general structure types selected for investigation are 
disilaanthracenes 3.08 (discussed in Section 3.2) and spirosilabifluorenes 3.09 (discussed in 
Sections 3.3 and 3.4). 
 
 
3.2 - Disilaanthracenes 
3.2.1 – Target Disilaanthracene Structure 
While there has been much interest in the use of silole units in conjugated polymers, the 
exploration of systems in which the silicon atom is part of a 6-membered ring has been far 
more limited.  Our aim was to investigate the preparation of heterocyclic systems with two 
silicon bridgehead atoms linking phenyl groups, i.e. a disilaanthracene structure 3.08. Phenyl-
linked silanes are not conjugated, due to the phenyl groups being rotated in different planes 
and thus removing the overlap of orbitals.  However, in a disilaanthracene system the π 
orbitals of the two phenyl rings are held in the same plane, while the two silicon atoms are in 
the plane of both π systems (as in the related silole moiety).    Figure 3.02 (a) shows a 
possible molecular orbital configuration in which conjugation exists through both silicon 
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atoms, between the silicon σ* and the phenyl π* orbitals.  Figure 3.02 (b) shows the 
optimised geometry (using ORTEP, MM2 method) of the disilaanthracene subunit, 
displaying a rigid planar structure.  One pertinent observation is that the increased C-Si-C 
bond angle (when compared to a silole) may reduce the orbital overlap and could prevent 
significant conjugation along the backbone. 
  
(a)           (b)  
Figure 3.02: (a) Possible overlap of molecular orbitals and (b) optimised geometry of disilaanthracene subunit. 
[Note: silicon atoms highlighted in pink, structure optimisation performed using ORTEP3, MM2 method] 
 
The synthesis of novel disilaanthracene monomers and their subsequent polymerisation 
was, therefore, targeted in order to gain an insight into the degree of conjugation facilitated 
though the silicon bridgehead units and the optical properties that could arise from these 
materials.  It was also envisaged that any polymeric systems would be compared to analogous 
trimeric systems, in order to evaluate any changes in the emission wavelength and hence 
energy gaps between the two types of material. 
 
3.2.2 - Background to Disilaanthracenes 
Following on from their work on 9,9-diphenyldibenzosilole,
11
 Gilman and co-workers 
were the first to report the synthesis of disilaanthracenes by reaction of ortho-dilithiated 
benzene with various silanes.
12-13
 This route suffered from difficulties in preparing the ortho-
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dilithiated benzene, dangerous reaction conditions and very low yielding reactions, giving 
multiple side products; disilaanthracene 3.10, formed by reaction of the precursor silane with 
molten sodium in refluxing toluene, was obtained in only 14% yield after an arduous 
purification process.  (Scheme 3.01) 
 
 
Scheme 3.01: Early Gilman synthetic route to disilaanthracenes.12 
[Conditions: (i) Molten Na, dry toluene, reflux 18 h, 14%] 
 
Subsequent work by Corey utilised ortho-bromochlorobenzene as the starting material, 
forming either the Grignard reagent with magnesium or ortho-lithiochlorobenzene with 
butyllithium, to give silane intermediate 3.11 on reaction with dichloromethylsilane.
14-15
  It 
was found however, that these conditions were ineffective for the coupling of 3.11 and yields 
for the Grignard route were generally low (~25%).  A highly activated form of magnesium, 
Rieke magnesium,
16
 was then required to achieve the coupling of silane 3.11 to afford 
disilaanthracene 3.12  (Scheme 3.02 (a)).  Nishiyama and co-workers reported the conversion 
of ortho-dibromobenzene to disilaanthracene 3.14, via silane 3.13.  The first step involved 
lithiation and reaction with dichlorophenylsilane.  A second sila-cyclisation of silane 3.13 
was then achieved by further reaction with butyllithium under reflux in THF
17
 (Scheme 3.02 
(b)).  A more recent approach (2007) has been to proceed via the formation of ortho-
fluorosilylbenzenes.
18
 Reaction of ortho-dibromobenzene with butyllithium and 
dichlorodimethylsilane afforded chlorosilane 3.15, which was converted to the fluorosilane 
3.16 by reaction with copper fluoride.  Lithiation of this silane with t-butyllithium gives an 
intermediate which dimerises readily, in very high yield, at 0 °C to give disilaanthracene 
3.17. (Scheme 3.02(c)) 
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Scheme 3.02: Further literature routes to disilaanthracenes, 3.12,14-15 3.1417 and 3.17.18 
[Conditions: (i) n-BuLi, MeHSiCl2, Et2O / THF, -96 °C, 2 h, 86% or Mg, MeHSiCl2,THF, 67%; (ii) Activated Mg, THF, reflux, 3 h, 
70%; (iii) n-BuLi, PhSiHCl2, Et2O / THF, -110 °C, 2 h, 70%; (iv) n-BuLi, THF, -78 °C then reflux, 16 h, 78%; (v) n-BuLi, Me2SiCl2, 
Et2O / THF, -110 °C to RT, 1.5 h, 64%; (vi) Et2O, CuF2, RT, 3 h, 84%; (vii) t-BuLi,  Et2O, -78 °C to 0 °C, 3 h, 97% ] 
 
The disadvantage of those methods involving lithiation of ortho-dihalobenzenes, is the 
proclivity of these species to undergo self-elimination to form highly reactive benzyne 
intermediates, leading to subsequent decomposition products.  This process is combated by 
the use of very low reaction temperatures (-110 °C for ortho-dibromobenzene) which, for 
long reaction times, can be arduous to maintain without the use of thermostatically controlled 
cryogenics.
 
 
There are still very few examples of the preparation of disilaanthracenes in the literature, 
with, to the best of our knowledge, no reports on their use as a monomer in polymerisations.  
In order to synthesise a poly(disilaanthracene), suitable functionalities need to be introduced 
onto the phenyl rings to enable subsequent coupling / polymerisation reactions. 
 
3.2.3 – Attempted Synthesis of Disilaanthracene Monomers; Route One 
The synthesis of functionalised disilaanthracenes is challenging, since halogenation of the 
monomer would most likely lead to cleavage of the Si-C bonds (halo-desilylation) and 
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fragmentation of the structure.  Post-functionalisation by most methods is likely to lead to a 
mixture of products, due to the two symmetrically substituted benzene rings (Scheme 
3.03(a)).  Therefore the functionalities should ideally be installed prior to formation of the 
disilaanthracene structure, in a way that enforces regioselectivity of the functionalisation of 
the resulting monomer (Scheme 3.03(b)).   
 
 
Scheme 3.03: Possible general routes to functionalised disilaanthracene monomers. 
[Where R = H or alkyl substituent, Y = functional group] 
 
 
Scheme 3.04: Initial proposed route to disilaanthracene monomer 3.20. 
 
The Suzuki coupling method would be most practicable, as a range of possible co-
monomers were already synthesised and available for use.  In order to use this technique, 
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either a halide, boronic acid or boronic ester functionality is required on the phenyl rings.  
The first synthetic route is shown in Scheme 3.04 and involved the selective lithiation of 
boronic ester 3.18, followed by reaction with di-n-octyldichlorosilane to afford silane 3.19.  
This would then undergo an intramolecular cyclisation in the presence of t-butyllithium to 
afford disilaanthracene monomer 3.20.  (Scheme 3.04) 
 
Hartwig, Miyaura, Ishiyama and others, have published several papers on the mild 
iridium-catalysed borylation of substituted benzenes
19-21
 and 5-membered heteroarenes
22-23
 
and a study into the mechanism of these reactions.
24
 In the majority of arene cases, the 
substitution pattern of products is entirely sterically-controlled, with ortho-substitution 
occurring only when meta- and para-positions are unavailable. Scheme 3.05 shows the 
general reaction scheme (a), along with a typical example for an ortho-dihalobenzene 
substrate (b). 
 
 
Scheme 3.05: Iridium catalysed aromatic borylation,19-21 showing structure of iridium catalyst. 
[Conditions: (i) 1eq. Pin2B2, Ir cat.(3 mol%),no solvent, 80 °C, 16 h, 83%] 
 
The proposed route to starting material 3.18 utilises a mild iridium-catalysed borylation of 
ortho-bromoiodobenzene.  It was hoped that either the regioisomer shown would be 
favoured, due to the slight difference in steric hindrance at the two anticipated borylation 
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sites, or that this material could be isolated from a product mixture.  Where the meta- and 
para-positions are unsubstituted, it is rare for ortho-borylation to occur on phenyl rings. 
 
The iridium dimer (shown in Scheme 3.05) was synthesised from iridium trichloride 
hydrate and 1,5-cyclooctadiene in 41% yield, following a literature procedure of heating in 
isopropyl alcohol and water for 40 h.
25
  Reaction with ortho-bromoiodobenzene gave a 50:50 
mixture of two products in 30% overall yield, which are assigned the structures of 3.18 and 
3.19 respectively. The structures have been assigned using the 
1
H NMR spectrum of the 
mixture and the assumption that the boron atom would be para (rather than ortho) to a 
halogen substituent.  Unfortunately, the product mixture was inseparable and this route was 
not pursued further (Scheme 3.06). 
 
 
Scheme 3.06: Iridium catalysed aromatic borylation of ortho-bromoiodobenzene. 
[Conditions: (i) 1eq. Pin2B2, Ir cat.(3 mol%), bpy, NaOMe, hexane, RT, 16 h, 30% (50:50)] 
 
 
3.2.4 – Attempted Synthesis of Disilaanthracene Monomers; Route Two 
Ortho-dibromobenzene was selected as starting material, as only one product is expected 
from the aromatic borylation of this substrate. Scheme 3.07 shows the modified proposed 
route to disilaanthracene monomers 3.24 and 3.20. 
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Scheme 3.07: Non regio-controlled route to disilaanthracene monomers. 
 
The borylation of 1,2-dibromobenzene, using the method previously described, afforded 
starting material 3.22 in 79% yield after purification. (Scheme 3.08)  This was the only 
product observed; the other materials recovered being either starting materials or decomposed 
catalyst.  It is likely that the reaction yield could be improved by optimisation of conditions, 
but as sufficient material was synthesised for the next stages of the synthetic route, this was 
not attempted. 
 
Scheme 3.08: Iridium catalysed aromatic borylation of ortho-dibromobenzene. 
[Conditions: (i) 1eq. Pin2B2, Ir cat.(3 mol%), bpy, NaOMe, hexane, RT, 16 h, 79%] 
  
The subsequent reaction of 3.22 to afford the disilaanthracenes 3.20 and 3.24 was 
unsuccessful.  Several attempts were made and are summarised in Table 3.01.  The first 
reactions were focussed on using a one-pot reaction to achieve the desired monomers, 
initially in one stage (entries 1 & 2), then in two stages (entries 3 & 4).  In several cases 
(entries 1 through 4), where a reaction temperature of -78 °C was employed, a complex 
mixture of unidentified decompositions products was obtained.  The reaction temperatures, 
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alkyllithium reagent, stoichiometry and reaction times were all systematically altered in an 
attempt to drive the reaction.   
 
Table 3.01: Attempts at synthesis of disilaanthracene monomer. 
[Abbreviations:  S.M. = starting material; Eq. = stoichiometric equivalents; RT = room temperature; DBB = ortho-
dibromobenzene] 
 
Findings from a further literature search indicated that the starting material is likely to 
have decomposed rapidly in the presence of butyllithium at -78 °C.  There are reports of the 
rapid degradation of o-bromophenyllithium under these conditions.
26
 Performing the 
reactions at -110 °C resulted in less complex mixtures of products (entries 5 through 9), but 
the 
1
H NMR spectra indicated that the desired product was not present in any of the reaction 
mixtures.   It was concluded that the borylated substrate 3.22 is unsuitable for 
transmetallation reactions using butyllithium.  The boronic ester functional group is likely to 
be susceptible by attack from very strong bases, due to its Lewis acidity.  One possible 
solution to this problem is to form the unsubstituted disilaanthracene from ortho-
dibromobenzene and then to introduce the boronic ester functionality using the iridium 
catalysed method employed in previous reactions. 
No. S.M. BuLi 
BuLi 
Eq. 
Silane 
Eq. 
Solvent Temperature (°C) 
Product 
(By 1H NMR) 
1 3.22 t 4.20 4.20 THF (i)-78; (ii)-78 to  RT Complex mixture 
2 3.22 t 4.20 2.10 THF (i)-78 to rt; (ii)-78 to  RT Complex mixture 
3 3.22 t 
2.10 
2.10 
1.10 
1.10 
THF 
(i)-78; (ii)-78 to  RT 
(i)-78; (ii)-78 to  RT 
Complex mixture 
4 3.22 t 
2.20 
4.40 
2.20 
2.20 
THF 
(i)-78; (ii)-78 to  RT 
(i)-78; (ii)-78 to  RT 
Complex mixture 
5 3.22 t 2.20 2.20 THF / Et2O (i)-110; (ii)-110 to  RT 6 aromatic signals 
6 3.22 n 1.10 1.10 THF / Et2O (i)-110; (ii)-110 to  RT THF polymerised 
7 3.22 n 1.02 1.02 THF / Et2O (i)-110; (ii)-110 to RT 2 aromatic signals 
8 3.22 n 1.02 1.02 THF / Et2O (i)-110; (ii)-110 to  RT 6 aromatic signals 
9 3.22 n 1.00 1.00 THF / Et2O (i)-110; (ii)-110 to  RT 2 aromatic signals 
10 DBB n 1.02 0.51 THF / Et2O (i)-110; (ii)-110 to RT Yes (low yield) 
11 DBB n 2.00 1.00 THF (i)-78; (ii)-78 to  RT Yes (low yield) 
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Performing the reaction on the 1,2-dibromobenzene substrate gave what was assumed to 
be the expected coupling product, from the 
1
H NMR data, as reported in the literature,
17
 but 
in low yields with starting material present (entry 10).  A repeat of the reaction with double 
the equivalents of n-butyllithium and silane at a higher temperature, in an attempt to force the 
reaction to completion, produced an identical material but without any sign of the starting 
material (entry 11).  Although the reaction appeared to have completed, the purified material 
was obtained in only 64% yield, due to a difficult separation from excess silane.  Mass 
spectrometry analysis revealed that this material was in fact dibenzosilole 3.25 (Scheme 
3.09). 
 
 
Scheme 3.09: Formation of dibenzosilole from ortho-dibromobenzene. 
[Conditions: (i) 2 eq. n-BuLi, 1 eq. (C8H17)2SiCl2, -78 °C to RT, 16 h, 64%] 
 
 
This is an interesting result and a literature search has found no equivalent one-step 
transformations.  It is most likely to proceed via the homo-coupled product 2.15 (as prepared 
in chapter 2)
27
 which is then di-lithiated by excess butyllithium, affording the ring-closed 
dibenzosilole on further reaction with the silane (Scheme 3.10).  After so many synthetic 
difficulties were encountered in the attempted synthesis of functionalised disilaanthracene 
monomers, it was decided to abandon this class of compounds and focus on alternative 
targets.  It may be that the lack of polymers containing this structural moiety within the 
chemical literature is due in part to the difficulty of preparing appropriately functionalised 
monomers. 
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Scheme 3.10: Likely route to dibenzosilole from ortho-dibromobenzene. 
 
 
 
3.3 – Spirosilabifluorene Systems – Synthesis of Monomers and Coupling Reactions 
3.3.1 – Introduction to Spirosilabifluorene and Background Literature Examples  
 
 
 
Spirosilabifluorene 1.58 is the silicon analogue of spirobifluorene 3.07.  Several papers 
have been published on the preparation of spirobifluorene-containing materials and their use 
in OLED devices.
28-30
  A concise review (2007) of these materials has been written by 
Salbeck and co-workers.
31
  The main conclusions of this review, and of the majority of the 
papers described therein, are that these spiro-structures generally:   
 
 Give rise to amorphous glass states, which are often highly soluble in common 
solvents, without the inclusion of alkyl chains or other solubilising groups. 
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 Are morphologically stable, with greatly increased glass-transition temperatures; their 
bulky nature preventing close-packing of polymer chains. 
 Retain the ground state properties of the individual halves of the molecule, but display 
electronic ‘communication’ through the core atom. 
 
The first known report of the spirosilabifluorene structure 1.58 was from Gilman et al. in 
1958.
32
  2,2’-Dibromophenyl 2.15 was lithiated in the presence of butyllithium to form the 
dilithiated biphenyl intermediate 3.26, which was then reacted with tetrachlorosilane  to give 
the doubly ring-closed spiro product 1.58 (Scheme 3.11).  This material was stumbled upon 
as a side product in the synthesis of various dibenzosiloles.  
 
 
Scheme 3.11: First reported synthesis of spirosilabifluorene.32 
[Conditions: (i) n-BuLi, Et2O; (ii) SiCl4, Et2O, RT 1.5 h, reflux 3 hours, 56%]  
 
Since then, relatively few uses have been made of this material and only a handful of 
papers have incorporated spirosilabifluorene into oligomer or polymer systems for OLED or 
other purposes.  Some examples include the series of trimers 3.27 reported by Lee et al., 
which formed stable amorphous films with high Tg values (203-228 °C).
33
  The 
photoluminescence maxima occurred at 398-415 nm, with fluorescence quantum yields 
(measured by integrating sphere) measured to be 0.30-0.55.  Two similar systems have been 
reported by Tian and co-workers, including the co-polymer 3.28
34
 and the trimer 3.29,
35
 both 
using triarylamine as the co-monomer.   
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Co-polymer 3.28 exhibited a thin-film emission maximum at 435 nm, a molecular weight 
average of 9.6 kDa (PDI 1.36) and a Tg value of 158 °C.  Reversible oxidation was observed 
(the HOMO was measured to be -5.47 eV) and an OLED device using this material was 
fabricated.  The external quantum efficiency was very low however, at 0.03%, presumably 
making the electroluminescence spectrum too weak to record.  The trimer 3.29 gave a 
photoluminescence maximum (on thin film) of 417 nm and was used in a two-photon 
fluorescence device which gave a brightness of 400 cd /m
2
 at 15 V. 
 
Multiply substituted spirosilabifluorene 3.32 was reported in 2007 by Matsuda et al.
36
  
This material, along with several ladder-type dibenzosiloles, was synthesised via an iridium 
catalysed [2+2+2] cycloaddition reaction between silane 3.30 and alkyne 3.31.  It was not 
tested for electroluminescent properties but the thin film was reported to have a fluorescence 
emission maximum at 364 nm (with a fluorescence quantum yield of 0.16) in the thin film 
state (Scheme 3.12). 
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Scheme 3.12: Iridium catalysed [2+2+2] cycloaddition to form spirosilabifluorene monomer 3.32.36 
[Conditions: [IrCl(COD)]2, PPh3, Bu2O, 145 °C, 24 h, 85%] 
 
In comparison to their carbon-analogues, spirosilabifluorene compounds often exhibit 
enhanced thermal stability with higher glass transition temperatures, along with a slight 
bathochromic shift in emission maxima, arising from lowered LUMO levels (and hence 
decreased energy gaps). 
 
3.3.2 – Target Spirosilabifluorene Conjugated Oligomers and Polymers 
Since the limited reported examples of spirosilabifluorene materials have mostly displayed 
promising attributes for incorporation into OLED materials, such as stable amorphous thin-
film forming abilities, blue or violet-blue fluorescence emission and good hole-transporting 
abilities, it was desirable to explore more fully the potential of these moieties by altering 
substitution patterns and co-monomers.  The proposed synthetic target structures were of the 
types 3.33, 3.34 and 3.35, which differ from existing spirosilabifluorenes, in that the subunit 
was to be linked to the polymer or trimer backbone through one link on each half of the 
molecule, via the positions para to the silicon centre (the 3,6-positions of the fluorenyl 
subunits).  The substituents labelled R were to be decided upon when considering available 
starting materials and synthetic routes; by functionalising these positions, the resulting 
substituents may be used as blocking groups in order to achieve an unsymmetrical synthesis.  
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The monomer structure will then be used to synthesise trimer systems 3.33, co-polymers 3.34 
and homo-polymers 3.35.   
 
 
 
Measuring the Effect of Silicon on the Energy Levels of the Materials 
Some quantitative measure of the electronic effects of the silicon atom upon the HOMO / 
LUMO energy levels of these materials was envisaged by comparison of the energy levels of 
a trimer containing a spirosilabifluorene core 3.36 with either its carbon analogue 
(spirobifluorene) 3.33 or with one half of the molecule 3.37.  Whilst the carbon analogue 
would be the ideal comparison, it was likely that the more synthetically accessible ‘bisected 
trimer’ 3.37 would suffice for comparison purposes when in the solution state.  Differences 
within the solid state were likely to be both very large and invalid, due to the effects on 
aggregation and morphology that the spiro groups impart, as described previously. 
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Effect of Substituents on Spirosilabifluorene 
By also incorporating various substituents on the spirosilabifluorene cores, the fine-tuning 
of the properties of these materials was targeted.  Since the majority of reported spiro systems 
have been soluble in common solvents, there was no need to use solubilising groups, such as 
alkyl chains.  Instead, substituents which exert an electronic effect on the conjugated π 
system were to be explored, allowing the energy levels of the HOMO and LUMO of the 
material to be manipulated.  Most advantageous would be the introduction of electron 
withdrawing groups, as these would be expected to lower the energy levels, especially the 
LUMO, which may improve charge injection at the cathode and consequently charge 
injection balance in an emissive device. 
 
 
Figure 3.03: Graphical representations of the HOMO / LUMO orbital interactions of spirosilabifluorene; top structures in mesh 
representation; solid-fill underneath [Note: 6-31G* and LanL2DZ basis sets used; silicon atoms highlighted in pink]. 
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An initial DFT computation of the spirosilabifluorene system was carried out and 
geometry optimisations were performed (using the 6-31G* and LanL2DZ basis sets) to derive 
the HOMO and LUMO orbital energies and spatial distributions.  Figure 3.03 shows the 
graphical representations of the frontier molecular orbitals derived from these calculations.  A 
large amount of LUMO orbital density is located on the silicon, indicating a conjugated 
pathway through the silicon centre. 
 
3.3.3 – Synthesis of Spirosilabifluorene Monomer and Attempted Coupling Reactions 
Scheme 3.13 shows the proposed route to a spirosilabifluorene system incorporating the 
features mentioned in the previous section; linkage through the two halves of the molecule 
and electron-withdrawing substituents attached to the π system.  Suzuki and Miyaura 
coupling methods were employed, along with diazotisations, selective halogenations and 
lithiation techniques as used in the synthesis of dibenzosilole monomers (Chapter 2).  
Fluorine was selected as an electron-withdrawing substituent, introduced from the beginning 
of the synthesis, due to the availability of starting material 3.39. 
 
 
 
Scheme 3.13: Proposed synthetic route to spirosilabifluorene monomers. 
[Proposed reagents: (i) Pd(dppf)Cl2, Pin2B2, dioxane, Et3N; (ii) Pd(dppf)Cl2, Ba(OH)2.8H2O; (iii)HCl, H2O, MeCN, NaNO2, KI; (iv) 
NBS; (v) Butyllithium, SiCl4 ] 
120 
 
The formation of unsymmetrical biphenyl unit 3.40 was the first stage and the proposal 
involved using a two-step, one-pot reaction; a Miyaura coupling of 2-bromoaniline with 
pinacolborane to form boronic ester 3.38, followed by a Suzuki coupling reaction of 3.38 
with a halogenated aromatic. 
 
  Several attempts were made to optimise the reaction conditions, including by exploration 
of different Suzuki coupling halogenated aromatics (Scheme 3.14).  However, yields for all 
of the reactions were low (40% or less).  Purification of the diamine 3.40 also proved 
troublesome due to the material’s apparent incompatibility with many chromatographic 
absorbents.  As a result, diamine 3.40 was generally diazotised without any significant 
purification, apart from removal of catalyst and solvent.   
  
 
Scheme 3.14: Coupling reactions to form unsymmetrical diamine 3.40. 
[Conditions: (i) Pd(dppf)Cl2, pinacolborane, dioxane, Et3N, DMSO, 100 °C; (ii) Pd(dppf)Cl2, Ba(OH)2.8H2O, H2O, 100 °C] 
 
Diazotisation and subsequent Sandmeyer iodination of the crude diamine 3.40 was 
performed using HCl / NaNO2 and KI, to afford diiodide 3.41 in 56% yield after purification 
by column chromatography and recrystallisation (Scheme 3.15).  Acetonitrile was added as a 
solvent during the diazotisation to improve yields, following the same procedure that was 
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used during the dibenzosilole synthesis (Chapter 2).   Formation of the product was evident in 
the 
1
H NMR spectrum by the disappearance of the NH2 singlet signal at 3.65 ppm and by the 
altered chemical shifts of the aromatic signals, due to the de-shielding effect of the iodine 
substituents. By TLC (on silica, using hexane as eluent) the starting material did not leave the 
baseline, while the product had an RF of 0.23 (See Figure 3.04(a) and (b)). 
 
 
Scheme 3.15: Synthetic route from diamine 3.40 to spirosilabifluorene precursor 3.42. 
[Conditions: (i) HCl, H2O, MeCN, NaNO2, 0 °C, KI, 80 °C, 16 h, 56%; (ii) NBS, BF3.2H2O, CHCl3, 65 °C, 48 h, 80%] 
 
The bromination of diiodide 3.41 proceeded via reaction with NBS and BF3.2H2O.  The 
boron trifluoride was required as a Lewis acid catalyst to promote bromination of diiodide 
3.41; the biaryl system being highly deactivated by the presence of the three halogen 
substituents. Compound 3.42 was obtained in 41%, after purification by recrystallisation and 
washing with hexane. The loss of one aromatic signal and a change in chemical shift of three 
other signals within the 
1
H NMR spectrum, as shown in Figure 3.04 (b) and (c), indicated the 
substitution of one aromatic proton, while a change in RF from 0.23 to 0.30 was observed 
(using silica gel and hexane as eluent).  Further analysis of bromide 3.42 by 
1
H NMR 
spectroscopy, 
13
C NMR spectroscopy, HSQC, MS and elemental analysis confirmed that the 
desired structural isomer had indeed been formed.  Subsequent improvements in the workup 
and purification procedure, employing column chromatography gave improved yields of up 
to 80% (Scheme 3.15). 
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Figure 3.04: 1H NMR spectra of spirosilabifluorene precursors (a) 3.41, (b) 3.41 and (c) 3.42. 
 
The final reaction in the synthesis was the intramolecular cyclisation of the two biphenyl 
subunits (3.42) onto a silicon centre to form the spirosilabifluorene monomer 3.43.  This was 
initially attempted several times without success (Table 3.02).  Performing the cyclisation at 
temperatures below -78 °C gave a complex mixture of unidentifiable decomposition products 
(entries 1 & 2), likewise when using t-butyllithium (entries 1 through 3).  This is in stark 
contrast to the selective halogenation performed during the dibenzosilole syntheses in 
Chapter 2, in which these conditions were necessary to prevent lithiation of the bromine 
substituents.  However, by altering the solvent from Et2O to THF, the desired product was 
formed in a 45% yield (N.B. the conditions were THF as the solvent, n-BuLi as the lithiating 
agent and a reaction temperature of -78 °C).  It is likely that the silicon tetrachloride reacted 
with Et2O during the heating stage of the reaction, leading to decomposition of the silane.  
This would explain the formation of biaryl 3.47 when using Et2O (entries 4 & 5).   
(a) 
(b) 
(c) 
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Exp. BuLi Solvent Temp. 
Reaction 
time 
Result 
1 4.1 eq. t-BuLi THF -100 °C 20 min Complex mixture 
2 4.1 eq. t-BuLi THF -90 °C 30 min Complex mixture 
3 4.1 eq. t-BuLi THF / Et2O -78 °C 2 h Complex mixture 
4 2.0 eq. n-BuLi Et2O -78 °C 4 h Biaryl 3.47 
5 2.0 eq. n-BuLi Et2O -78 °C 15 min Biaryl 3.47 
6 2.0 eq. n-BuLi THF -78 °C 30 min 
Product 3.43 
(45%) 
 
Table 3.02: Conditions explored for spirosilabifluorene formation. 
[Abbreviations: Exp. = experiment; eq. = stoichiometric equivalents; Temp. = reaction temperature] 
 
The reaction proceeded via a double lithium-halogen exchange of the iodine substituents.  
The intermediate dilithio- species was then reacted with tetrachlorosilane in a 2:1 ratio to 
afford the doubly ring-closed product 3.43 in a 45% yield (Scheme 3.16). 
 
 
Scheme 3.16: Formation of spirosilabifluorene monomer. 
[Conditions: (i)2.1 eq. n-BuLi, THF,  -78 °C, 30 min.  Then 0.5 eq. SiCl4, 50 °C, 16 h, 45%] 
 
The 
1
H NMR spectra of the spirosilabifluorene monomer 3.43, along with the precursor 
material 3.42 are shown in Figure 3.05.  There are six aromatic signals in both spectra, but 
the chemical shifts (and resolution in some cases) have clearly altered.  The formation of 
alternative products, such as the biaryl 3.47 mentioned above, can be ruled out since this 
would have led to an increase in the number of aromatic signals.  Due to the coupling of the 
fluorine atom to all protons attached to the same aromatic ring, it can be deduced that the 
large doublet signal at 7.76 ppm in the starting material 
1
H NMR spectrum (Figure 3.05(a)) is 
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due to proton F, since all other protons are split by more than one other atom.  This signal is 
shifted up-field to 7.21 ppm in the product spectrum (Figure 3.05(b)), which supports the 
evidence for the replacement of the iodine atom(s) with a less electronegative substituent (i.e. 
silicon). The remaining proton assignments are shown within the relevant spectra.  The 
structure and composition of monomer 3.43 were further confirmed by low resolution and 
high resolution mass spectrometry (giving m\z 523.9), 
13
C NMR spectroscopy, 
19
F NMR 
spectroscopy and 
29
Si NMR spectroscopy (both the 
19
F and 
29
Si NMR spectra contained only 
one signal, showing that a single species was present). 
 
 
Figure 3.05: Comparison of 1H NMR spectra of (a) starting material 3.42 and (b) spirosilabifluorene monomer 3.43. 
 
An improved route to the precursor for formation of spirosilabifluorene monomer 3.43 
(biaryl 3.42) was developed and is shown in Scheme 3.17.  Commercially available starting 
materials 3.48 and 3.49 were coupled using standard Suzuki conditions to give dibromide 
3.50 in a 78 % yield, after purification.  This was then converted to the corresponding 
diiodide 3.41 via a halogen-lithium exchange, followed by reaction with iodine.  The 
(a) 
(b) 
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bromination was conducted as per the initial route (Scheme 3.15). The overall yields for this 
route were improved, along with reaction times and product purity.  The later stages common 
to both routes however, still suffered from moderate yields and sometimes difficult 
purifications. 
 
 
Scheme 3.17: New synthetic route to spirosilabifluorene monomer. 
[Conditions: (i) Pd(PPh3)4, DME, 80 °C, 16 h, 78%; (ii) n-BuLi, I2,THF,  -78 °C to RT, 16 h, 74%;  (iii)  NBS, BF3.2H2O, CHCl3, 65 
°C, 48 h, 80%;  (iv) n-BuLi, SiCl4, THF, -78 °C to 50 °C, 16 h, 45%] 
 
As discussed, the reaction to form spirosilabifluorene product 3.43 gave fairly moderate 
yields and required very careful control of the reaction conditions.  It was discovered that the 
intermediate, formed by lithiation of biaryl 3.42, will only react with the tetrachlorosilane at 
elevated temperatures (50 °C) and unless the reaction temperature is quickly raised to this 
level after addition of the silane, the resulting product mixture was contaminated with an 
unidentified side product, which had to be removed by Kugelrohr distillation. The 
contaminant appears in the 
1H NMR spectrum as a very broad, flat ‘hill’ spanning the entire 
aromatic region, clearly visible underneath the sharp product signals (Figure 3.06(b)).  Upon 
distillation, the pure product was obtained as a white powder (Figure 3.06(a)), leaving the 
unidentified material as a brown glassy solid.  The contaminant was most likely a complex 
polymer formed as a minor by-product during the intramolecular cyclisation. 
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Figure 3.06: 1H NMR spectra of: (a) pure spirosilabifluorene after Kugelrohr distillation; (b) crude product mixture. 
 
Characterisation of Spirosilabifluorene Monomer 3.43 
The purified spirosilabifluorene monomer 3.43 was tested for solubility in common 
organic solvents, using 1 mg per 1 mL concentration.  The results are displayed in Table 3.03.  
It can be seen that the monomer was only reasonably soluble in ethyl acetate, toluene and 
dichloromethane at room temperature, while also soluble in diethyl ether and chloroform at 
higher temperatures.  No solubility was observed in either alcohol or petroleum-based 
solvents. 
 
Solvent Solubility – RT Solubility - Hot 
Ethanol None None 
Ethyl Acetate Medium High 
Diethyl Ether Low Medium 
Toluene Medium High 
Isopropyl alcohol None None 
Hexane None None 
Cyclohexane None None 
Pentane None None 
Acetonitrile None Low 
Dichloromethane Medium High 
Chloroform Low Medium 
Table 3.03: Solubility of spirosilabifluorene monomer in common organic solvents. 
[Note: High – material was immediately and completely dissolved; Medium: compound was completely dissolved but at a slower 
rate; Low: only partial solubility observed, with traces of solid still observable] 
(a) (b) 
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The UV-Vis and photoluminescence spectra of monomer 3.43 were recorded in 
dichloromethane and are presented in Figure 3.07.  An absorption maximum is observed at 
286 nm in the UV-vis spectrum, showing vibrational fine structure, while the 
photoluminescence emission maximum appears at 353 nm.   From the cross-over point of the 
UV-vis and thin film photoluminescence spectra (319 nm), the optical energy gap of material 
3.43 has been calculated to be 3.89 eV.  The CIE coordinates were calculated (from the 
photoluminescence spectrum) to be [0.16, 0.04], indicating a pure blue emission.  With a 
maximum located at 353 nm however, the emission is predominantly in the UV region. 
 
 
Figure 3.07: UV-Vis and photoluminescence spectra of spirosilabifluorene monomer 3.43. Recorded in CH2Cl2 solution and intensity 
normalised. 
 
The spirosilabifluorene monomer was spin-cast onto a glassy-carbon electrode from a 
toluene solution.  Cyclic voltammetry was then performed on the material, using a platinum 
wire counter electrode and Ag /AgCl pseudo reference electrode.  A solution of 0.1 M 
tetrabutylammonium perchlorate in acetonitrile was used as the electrolyte and measurements 
were taken under a blanket of argon.  The redox responses were calibrated using ferrocene 
and the energy levels determined in the same manner as described by Thelakkat et al.
37
  A 
very low-lying HOMO level was observed at -6.26 eV along with a high LUMO level of -
1.86 eV.  This translates to a large energy gap of 4.4 eV, which indicates that the monomer 
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may perform well as a host material for a phosphorescent guest. It may also be used as a 
hole- or electron-blocking layer, depending upon the electrode configuration.  The redox 
potentials, along with calculated HOMO and LUMO levels are displayed in Table 3.04.  The 
reduction and oxidation traces are included in the Appendices Chapter, Section 5.8.1. 
 
Oxidation 
Potential (V) 
HOMO (eV) 
Reduction 
Potential (V) 
LUMO (eV) 
CV HOMO- 
LUMO gap 
Optical 
Energy gap 
1.46 -6.26 -2.94 -1.86 4.40 eV 3.89 eV 
Table 3.04: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.  
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s; reduction 
sweeps at 200 mV /s ] 
 
Synthesis of Fluorene Monomer for Trimerisations 
The boronic ester monomer 3.52 was chosen as a simple coupling partner for trimer 
formation with the spirosilabifluorene 3.43.  It was synthesized from 2-bromofluorene, via 
alkylated fluorene 3.51 according to literature methods
38
 (Scheme 3.18). 
 
 
Scheme 3.18: Synthetic route to mono-functionalised fluorene monomer. 
[Conditions: (i) 1-bromooctane, Aliquat 336, aq. NaOH, 80 °C, 16 h, 98%; (ii) n-BuLi, THF, -78 °C, then 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-Dioxaborolane, -78 °C to RT, 16 h, 56%] 
 
Trimer Formation using Suzuki Coupling Conditions 
Spirosilabifluorene monomer 3.43 was reacted with two equivalents of boronic ester 3.52, 
using standard Suzuki conditions, to afford compound I, initially thought to be the expected 
trimer 3.53 in 88% yield after attempted purification by column chromatography (Scheme 
3.19). 
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Scheme 3.19: Attempted Suzuki reaction to form trimer 3.53. 
[Conditions: (i) Pd(II)(OAc)2, PPh3, TEAOH, toluene, 110 °C, 16h] 
 
However, the 
1
H NMR signals in the aromatic region did not integrate correctly with 
respect to the alkyl signals.  A ratio of 26 aromatic protons to 68 alkyl protons should be 
observed, but instead a ratio of 30:68 was seen (Figure 3.08).  This was initially attributed to 
an impurity in the isolated compound; perhaps due to incomplete reaction of the spiro-
monomer, but several further attempts at purification by column chromatography (using silica 
gel) were fruitless and resulted in identical spectra.   
 
Figure 3.08: 1H NMR spectrum of purified coupling product (CDCl2). 
 
Since it was thought that the reaction had not completed, several more attempts at forcing 
the reaction were made.  Table 3.05 shows the reaction conditions which were used.  Toluene 
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was used as solvent and 20 % aqueous tetraethylammonium hydroxide was used as base in 
each reaction.  The co-catalyst, stoichiometry of the monomers and reaction time were all 
altered.  In each case, the same product (in varying yields) was observed. 
 
Table 3.05: Conditions trialled for Suzuki coupling of spirosilabifluorene monomer; * = unrecovered. 
 
In each case where the reaction had proceeded, the 
1
H NMR spectra of the recovered 
product was identical to that shown in Figure 3.08.  This suggested that the coupling reaction 
had in fact completed, but the product observed was not the desired trimer.   It seemed that 
the only configuration that would match the observed 
1
H NMR integrations would be one 
half of the trimer molecule, having been cleaved at the silicon centre and consequently 
protonated at the 2,2’-postions on the biphenyl unit.  A mass spectrum of the isolated product 
confirmed that the silicon centre of the trimer had indeed been removed, leaving only the 
conjugated aromatic 3.54 with m\z 560 Da (Scheme 3.20).  Further attempts were made at the 
reaction and analysis of the crude reaction mixture by 
1
H NMR spectroscopy, along with 2-
dimensional TLC on silica and preparative TLC on aluminium oxide, showed that 
decomposition was not occurring during chromatography.  Therefore the observed compound 
3.54 was a product of the reaction conditions, not a decomposition product of the expected 
trimer compound. 
Catalyst Co-catalyst 
Eq. 
3.52 
Temp. 
(°C) 
Time Result 
PdII(OAc)2  (5%) PPh3 (25%) 1.7 110 20 h I (83%) 
PdII(OAc)2  (5%) PPh3 (25%) 2.5 110 16 h I (88%) 
PdII(OAc)2  (10%) (C6H11)3HP
- BF4
+ (40%) 4 110 24 h I (35%) 
PdII(OAc)2  (5%) (C6H11)3HP
- BF4
+ (20%) 2.1 110 20 h I (*) 
PdII(OAc)2  (5%) (C6H11)3HP
- BF4
+ (20%) 2.1 RT 16 h No product 
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Scheme 3.20: Suzuki coupling reaction and resultant product. 
[Conditions: (i) Pd(II)(OAc)2, PPh3, TEAOH, toluene, 110 °C] 
 
The spirosilabifluorene monomer 3.43 was subjected to testing for decomposition under 
the Suzuki reaction conditions previously used.  Table 3.06 shows the conditions tested and 
the results.  From the tests performed, it was clear that the aqueous base was decomposing the 
monomer; no trace of spirosilabifluorene 3.43 was observed after stirring for 16 h at room 
temperature with tetraethylammonium hydroxide.   
 
Table 3.06:  Tests for decomposition of spirosilabifluorene monomer. 
 
In order to find an alternative base for use in the Suzuki coupling, the spirosilabifluorene 
monomer was stirred at room temperature for 16 h in toluene, with a variety of different 
bases.  The 
1
H NMR results for these tests are presented in Figure 3.09.  There was a clear 
decomposition of the monomer in the presence of K3PO4, some discernable decomposition in 
the presence of barium hydroxide and sodium carbonate, but very little change with caesium 
fluoride or potassium carbonate.  Since fluoride has a high affinity for silicon and caesium 
fluoride is toxic, it was decided to use potassium carbonate as the base in future attempts at a 
Suzuki coupling.   
Test conditions Result 
Heated to 200 °C No change 
Stirred 16 h with Suzuki conditions (no co-monomer) Decomposed 
Stirred 16 h in toluene and 20% TEAOH (110 °C) Decomposed 
Stirred 16 h in toluene and 20% TEAOH (RT) Decomposed 
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Figure 3.09: 1H NMR spectra of spirosilabifluorene after stirring for 16 h in toluene, with base. 
 
Three further Suzuki coupling reactions were performed using the spirosilabifluorene 
monomer with K2CO3 as the base.  The results of these test reactions are summarised in 
Table 3.07.  The initial attempt used non-aqueous conditions, but no coupling was observed.  
Therefore, it was clear that the base chosen must be in aqueous solution to be available for 
interaction with the boronic ester.  Unfortunately, the decomposition product 3.54 was once 
again observed when using aqueous base in both catalytic systems employed. 
 
Table 3.07: Test reactions using K2CO3 as base.  Performed over 16 h at 110 °C. 
 
As a last resort at the Suzuki coupling of the spiro-monomer, it was decided to attempt 
synthesising the bis(boronic) ester 3.55, with a view to coupling this with 2-bromo-9,9-
dioctylfluorene (Scheme 3.21).  However, the attempted lithium-halogen exchange, using 
Catalyst Co-catalyst Result 
PdII(OAc)2  (5%) (C6H11)3P
+ BF4
-  (20%) No coupling 
Pd(PPh3)4 (10%) - 3.54 
PdII(OAc)2  (10%) (C6H11)3P
+ BF4
-  (40%) 3.54 
1) Ba(OH)2.8H2O 
2) K3PO4 
3) Na2CO3 
5) K2CO3 
4) CsF 
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butyllithium, resulted in the formation of multiple by-products.  Therefore this method was 
not explored further. 
 
Scheme 3.21: Attempted formation of bis(boronic) ester of spirosilabifluorene monomer. 
[Conditions: (i)) n-BuLi, 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane, THF -78 °C] 
 
From the test reactions carried out, it seems that the aqueous basic conditions required for 
Suzuki couplings are not compatible with the synthesised spirosilabifluorene monomer 3.43.  
Therefore further attempts at the formation of trimers and co-polymers using this monomer 
have been conducted using established alternative coupling techniques, which are discussed 
presently. 
 
Trimer Formation using Kumada Coupling Conditions 
The Kumada reaction appears advantageous as both the ‘spiro’ monomer and co-monomer 
can be used in their halogenated forms, without any functional group conversions (i.e. 
boronic ester / acid formation).  This reaction also proceeds without the need for basic 
conditions, which is desirable given the apparent instability of the monomer towards aqueous 
base.  In order to test the suitability of the reaction conditions to the fluorene monomer, a test 
coupling reaction was performed using bromobenzene and 2,7-dibromo-9,9-dioctylfluorene 
3.57, formed from fluorene, via 2,7-dibromofluorene using literature methods
39-40
 (Scheme 
3.22). 
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Scheme 3.22: Test reaction for Kumada coupling. 
 [Conditions: (i) Mg, THF, reflux 24 h; (ii) [Ni(dppp)Cl], THF, reflux 48 h, 75%] 
 
The reaction proceeded smoothly to give the expected product 3.58 in approximately 75% 
yield.  This indicated that the reaction conditions employed were suitable for the coupling of 
fluorene moieties.  These conditions were then employed with the aim of forming the desired 
trimer 3.53 containing a central spirosilabifluorene unit, flanked by a di-octylfluorene unit on 
each side.   Scheme 3.23 shows the reaction conditions employed.  Upon work-up, the only 
materials recovered were the spirosilabifluorene monomer 3.43 and 9,9-dioctylfluorene.  
Therefore, the Grignard reaction with bromofluorene had proceeded to completion, but no 
coupling had occurred between it and the other monomer, on addition of the nickel catalyst 
(Scheme 3.23). 
 
 
Scheme 3.23: Attempted trimer formation using spirosilabifluorene 3.43 and fluorene monomer 3.59. 
[Conditions: (i) Mg, THF, reflux 24 h; (ii) [Ni(dppp)Cl], THF, reflux 48 h] 
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Using Stille Coupling Conditions 
A Stille coupling reaction was performed as a final attempt to form the desired trimer.  2-
Bromo-9,9-dioctylfluorene was deprotonated, using n-BuLi, and reacted with tributyltin 
chloride to give the stannylated fluorene 3.60, required for Stille coupling.  This was then 
used without further purification, along with palladium tetrakis(triphenylphosphine) and the 
spirosilabifluorene monomer 3.43 in a Stille coupling reaction (Scheme 3.24). 
 
 
Scheme 3.24: Attempted Stille coupling of bromofluorene and spirosilabifluorene monomer. 
[Conditions: (i) n-BuLi, Sn(Bu)3Cl; (ii) Pd(PPh3)4, THF, reflux 24 h] 
 
Upon aqueous workup, the only material seen in the 
1
H NMR spectrum was the 
stannylated dioctylfluorene 3.60 (showing distinctive triplets at 0.85 ppm and 0.91 ppm with 
integrations of 6 and 9 protons, corresponding to the terminal alkyl chain protons of the octyl 
and butyl groups respectively).  No trace of the spirosilabifluorene monomer could be found 
and there were no discernable decomposition products in the spectrum. 
 
In light of the great number of coupling reactions attempted without success, it was 
decided that the incorporation of spirosilabifluorene monomer 3.43 within a polymeric or 
trimeric system was unfortunately unachievable.  Consequently, a new monomer structure 
would have to be devised, along with the synthetic route. 
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3.3.4 – Synthesis of Spirosilabifluorene Monomer Two and Attempted Coupling Reactions 
On reviewing the synthetic route used to form spirosilabifluorene monomer 3.43, it is clear 
that the reliance on the presence of several different halogens on the monomer precursor 3.42 
for differentiation purposes is not ideal.  The reaction to exchange the two bromine atoms for 
iodine (in the 2,2’-positions) gave erratic yields and was synthetically uneconomical.  The 
bromination also resulted in multiply-brominated by-products which, although present in 
small quantities, were nonetheless difficult to separate from the desired compound, leading to 
lowered yields.  Finally, it is highly likely that the lithium-halogen exchange performed on 
biaryl 3.42 to form the monomer was not totally selective for the iodine atoms, with a small 
proportion of bromines being exchanged also.  That unwanted exchange, combined with trace 
impurities in the precursor material often led to unidentified side products which were only 
removed with lengthy purifications. 
 
Proposed Monomer and Synthetic Route 
With these observations in mind, a route to a different spirosilabifluorene-based monomer 
was devised, using commercially available 4-bromobenzotrifluoride and 3-iodoanisole as 
starting materials (Scheme 3.25). 
 
 
Scheme 3.25: Proposed synthetic route to spirosilabifluorene monomer 3.64. 
[proposed key reagents: (i) NBS; (ii) Pin2B2, [Ir(cod)Cl]2; (iii) Pd(II)(OAc)2, PPh3; (iv) butyllithium, SiCl4] 
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The target monomer was to be trimerised subsequently using a nickel catalysed cross-
coupling reaction between an aryl methyl ether and an aryl boronic ester.  Such coupling 
chemistry has recently been reported by Tobisu and co-workers,
41
 for various substituted 
aromatics.  The synthesis involved the preparation of a pinacolate ester 3.62, using Hartwig-
Miyaura borylation conditions.
20
 The closest example found in the literature was that 
described by Smith and co-workers,
42
 on 3-bromobenzotrifluoride.  The second starting 
material, anisole 3.61 was to be formed by NBS bromination of 3-iodoanisole.  Boronic ester 
3.62 would then be coupled to anisole 3.61 selectively via the iodinated position using Suzuki 
conditions to give biphenyl 3.63, precedence for which was found in the selective couplings 
reported by Schlüter and co-workers.
43
 This material would then be used to form a new 
spirosilabifluorene monomer 3.64, by a lithium-halogen exchange, followed by addition of 
silicon tetrachloride, as used previously.  The resulting monomer would then be coupled 
using the nickel-catalysed method mentioned above, to form a series of novel trimers. 
 
Monomer Synthesis 
Anisole 3.61 was formed in 78% yield by the bromination of starting material, 3-
iodoanisole, using NBS.  The coupling partner 3.62 was formed in 38% yield from 3-
bromobenzotrifluoride, by a regio-selective aromatic C-H bond activation and subsequent 
substitution with a pinacolborane group.  This product was purified by flash chromatography 
and recrystallisation from isopropyl alcohol.  The structure was confirmed by X-ray 
crystallography, the refinement data for which can be found in the Appendices Chapter, 
Section 5.7.  Anisole 3.61 and pinacolboronic ester 3.62 were then coupled to give 
unsymmetrical biaryl 3.63 in a 71% yield after purification using a ‘Biotage Isolera 1’ 
chromatography purification system.  The formation of monomer 3.64 was achieved by 
following the conditions established in the previous section for the synthesis of monomer 
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3.43.  Initial reactions gave fairly low yields of 20-30%, with biphenyl 3.65 as a major side-
product (Scheme 3.26). 
 
 
Scheme 3.26: Formation of spiro-monomer 3.64. 
[Conditions: (i) 2.0 eq. n-BuLi, 0.5 eq. SiCl4, THF, -78  °C to 50 °C, 16 h, 75%] 
 
The formation of biaryl 3.65, along with the absence of starting material, indicated that the 
double lithiation proceeded to completion and that a proportion of this lithiated intermediate 
was protonated.  Silicon tetrachloride is highly reactive towards water and forms silicon 
dioxide along with hydrochloric acid.  It was therefore postulated that the proton source was a 
small quantity of HCl, present in the silicon tetrachloride.  This was validated upon repeating 
the reaction with a fresh source of reagent, which gave a dramatic increase in yield; from 
30% to 75%.  Very small amounts of biphenyl 3.65 were observed (~1%) and the product 
was purified by washing with pentane.  It is likely, in the light of this result, that the yields of 
the previous spirosilabifluorene monomer 3.43, would also be greatly improved by using 
fresh silicon tetrachloride.  Further optimisation could no doubt be achieved by distillation of 
the silicon tetrachloride after removal of all traces of acid, prior to use in the monomer 
formation reactions. 
 
The aromatic regions of the 
1
H NMR spectra of starting material 3.63 and 
spirosilabifluorene product 3.64 are displayed in Figure 3.10.  The signals are each assigned 
to the highlighted protons, indicated in the structures inset within the spectra. In the starting 
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material spectrum (Figure 3.10(a)), protons D, E and F are assigned to the methoxy-
substituted aromatic ring, due to the observed correlations in coupling frequency and the 
simplicity of the splitting patterns (which would not be expected for protons adjacent to a 
trifluoromethyl group, due to possible 
4
JH-F coupling).  Protons A and B are assigned to the 
complex multiplet (which has an integration twice that of the other signals), as the 
complexity of this splitting pattern is best explained by 
4
JH-F coupling interactions.  Proton C 
can therefore be assigned to the remaining doublet signal, since it is too far from the CF3 
group to experience any measurable H-F coupling. 
  
 
Figure 3.10: 1H NMR spectra of (a) precursor biaryl 3.63 and (b) spirosilabifluorene monomer 3.64. 
 
When assigning the 
1
H NMR spectrum of the spirosilabifluorene monomer 3.64 (Figure 
3.10 (b)), a similar logic was applied to protons D, E and F.  Proton A was assigned to the 
only singlet (apparent) at 8.05 ppm, while protons B and C were therefore assigned to the 
only remaining signal; a doublet with a very small coupling value (0.8 Hz) which has a 
relative integration of two.  The apparent lack of a coupling between protons B and C is 
(a) 
(b) 
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surprising and can only be ascribed to the particular electronic environment resulting from 
the adjacent trifluoromethyl and silicon substituents.  The up-field shift of proton C from 7.83 
ppm to 7.44 ppm is expected, due to the replacement of the adjacent de-shielding bromine 
atom with a shielding silicon substituent, and correlates well with the shift seen for the 
equivalent proton position (C) in the previous spirosilabifluorene monomer (Figure 3.05). 
 
Solubility of Monomer 3.64 in Common Solvents 
As with the previous spirosilabifluorene monomer, the solubility of monomer 3.64 was 
tested in several common organic solvents and the results are listed in Table 3.08.  High 
solubility was observed in ethyl acetate, chloroform and diethyl ether, with moderate 
solubility in toluene, acetonitrile and dichloromethane.  No solubility was observed in 
petroleum-based hydrocarbon solvents. 
 
Solvent Solubility - RT Solubility - Hot 
Ethanol Low Medium 
Ethyl Acetate High High 
Diethyl Ether High High 
Toluene Medium High 
Isopropyl alcohol Low Medium 
Hexane None None 
Cyclohexane None None 
Pentane None None 
Acetonitrile Medium High 
Dichloromethane Medium High 
Chloroform High High 
 
Table 3.08: Solubility of spirosilabifluorene monomer in common organic solvents. 
[Note: High – material was immediately and completely dissolved; Medium: compound was completely dissolved but at a slower 
rate; Low: only partial solubility observed, with traces of solid still observable] 
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Photoluminescence Properties of Spirosilabifluorene 3.64 
The optoelectronic properties of spirosilabifluorene monomer 3.64 were investigated in 
order to determine its suitability for use as a small molecule emissive material.  The UV-vis 
absorption spectrum and the photoluminescence spectra, in both the solution and solid 
phases, were recorded and are shown overlaid in Figure 3.11.  The material was excited at the 
absorption maximum at 257 nm. It can be seen that the material is a UV / deep blue emitter, 
with a single emission maximum at 379 nm in solution and 376 nm in thin-film.  The CIE 
coordinates were calculated from the photoluminescence spectrum to be [0.18, 0.13]. 
 
 
Figure 3.11: UV-vis and photoluminescence spectra of spirosilabifluorene material 3.64. 
[Note: PL spectra recorded in either chloroform solution or spin-coated film on a glass microscope slide from toluene.  UV spectrum 
recorded from a chloroform solution.  All data normalised]  
 
The overlaid fluorescence spectra from solution and thin-film measurements are very 
similar in profile, with a small blue shift of 3 nm in the thin-film state.  This shows that there 
is minimal aggregation of the material. By finding the crossover-point between the two 
curves, the energy gap for spirosilabifluorene monomer 3.64 can be estimated to have a value 
of 3.72 eV.  Considering the very large energy gap and UV / violet emission profile, this 
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material is unlikely to give good results as a single-layer emissive material for blue OLEDs.  
It may, however, prove to be a good hole-blocking layer or a suitable host material for a 
phosphorescent guest complex. 
 
Spirosilabifluorene monomer 3.64 was spin-cast onto a glassy-carbon electrode from a 
toluene solution.  Cyclic voltammetry was then performed on the material, using identical 
methods as for spirosilabifluorene 3.43.   Again, a low-lying HOMO level is seen and a wide 
energy gap of 3.87 eV is calculated from these experiments, which correlates reasonably well 
with the value obtained from the cross-over point of the photoluminescence and UV-vis 
spectra (3.72 eV).  The measurements and calculated energy levels are summarised in Table 
3.09.  The reduction and oxidation traces are included in the Appendices Chapter, Section 
5.8.2. 
 
Oxidation 
Potential (V) 
HOMO (eV) 
Reduction 
Potential (V) 
LUMO (eV) 
CV HOMO- 
LUMO gap 
Optical  
Energy gap 
1.37 -6.17 -2.50 -2.30 3.87 eV 3.72 eV 
Table 3.09: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.  
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s; reduction 
sweeps at 200 mV /s ] 
 
 
Attempted Coupling Reactions 
In order to explore the use of spirosilabifluorene 3.64 as an emissive material, a coupling 
reaction of the monomer, outlined in Scheme 3.27, was attempted, using the nickel-catalysed 
methodology reported by Tobisu et al..
41
 The chosen coupling partner was 1-
naphthaleneboronic acid neopentyl glycol ester 3.66, since this was used in Tobisu’s study 
and would therefore give the greatest chance of success with the spirosilabifluorene 
monomer.   
143 
 
 
Scheme 3.27: Attempted coupling reaction using spirosilabifluorene monomer 3.64. 
[Conditions: (i) Ni(cod)2, (C6H11)3P, 2.5 eq. monomer 3.66, CsF, toluene, 120 °C, 24 h] 
 
The reaction product mixture was analysed by GC-MS, but was found to contain none of 
the expected coupling product.  Apart from remaining starting materials, the only product 
observed was the dimer material 3.68, formed by a homo-coupling of the boronic ester 3.66. 
 
 
3.4 – Conclusions and Outlook 
3.4.1 – Disilaanthracenes as Components in OLED Materials 
Attempts at synthesising a pre-functionalised disilaanthracene monomer for 
polymerisation via Suzuki coupling were fruitless, due to the incompatibility of boronic ester 
groups with the alkyllithium reagents used.  An alternative strategy would be to form the 
disilaanthracene and then functionalise, possibly with the same iridium-catalysed method as 
described earlier in this chapter.  However, this approach would also produce an inseparable 
mixture of product isomers. 
 
Ideally, the monomer should have a short, regiomerically controlled synthetic route and 
contain suitable linking functionalities, which are compatible to the reagents used for sila-
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cyclisation. In order to accomplish this, the two substituents involved in the cyclisation steps 
would have to be differentiated in terms of reactivity.  Scheme 3.28 shows two possible 
routes, using either butyllithium, followed by activated magnesium (route (a)) or by using 
ortho-fluorosilylbenzenes (route (b)).  Benzyne formation is a problem when performing 
lithiations on ortho-substituted dihalobenzenes.  Therefore avoidance of more reactive 
halogens such as iodine would be essential to achieve the desired products. 
 
 
Scheme 3.28: Possible synthetic routes to regiomerically pure disilaanthracene monomers. 
[Proposed reagents: (i) n-BuLi, R2SiCl2; (ii) Activated Mg; (iii) t-BuLi] 
 
3.4.2 – Synthesis and Characterisation of Spirosilabifluorene Monomers 
The studies of monomer materials containing the spirosilabifluorene core have been 
particularly problematic.  The difficulties of synthesising monomer 3.43 arose partly from the 
complexities of multiple halogenations and also from establishing a working experimental 
procedure for the double ring-closure in the final synthetic step to form the monomer.  These 
problems were overcome however and a relatively high yielding overall synthetic route was 
established.   
 
The apparent instability of monomer 3.43 is surprising, as no mention of any such problem 
has been found in the literature.  There are relatively few of these compounds reported, 
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however, and it is likely that other systems have gone unpublished due to similar instabilities.  
The instability encountered with this spirosilabifluorene monomer may be due to the 
substitution pattern and subsequent electronic effects within the molecule (Figure 3.12).  A 
fluorine atom can have strong electronic effects on an aromatic ring and its substituents.  
Although the Hammett parameters for positions para to a fluorine substituent are very low 
(0.06), the effect of fluorine substituents within aromatic systems is not always predictable.   
 
 
Figure 3.12: Electronic influences of fluorine and bromine substituents. 
 
The electronegative bromine substituents will also have an effect on the electron density 
within the silole ring and the cumulative effects from both fluorine and bromine may give 
rise to the susceptibility of this monomer to attack from bases. 
 
The use of spirosilabifluorene monomers 3.43 and 3.64 as emissive materials within an 
OLED device is unsuitable, due to the predominantly UV-emission profiles.  The large 
energy gaps observed may, however, warrant further investigation into the use of these 
materials as small-molecule hosts for a phosphorescent guest complex.  The bromine 
functionalities on monomer 3.43 would have to be removed in order to ensure chemical 
stability as a small molecule host material.  Another potential problem is the slightly limited 
0.06 
0.34 δ+ 
0.23 
0.39 δ+ 
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solubility of the material, which could cause poor film quality due to unwanted precipitation / 
crystallisation.   
 
Spirosilabifluorene monomer 3.64 is far more stable than monomer 3.43 and is also more 
soluble in a range of common organic solvents (Table 3.08).  This is most likely due to the 
CF3 solubilising group.  As a consequence of this improved solubility and stability, good 
quality thin films of monomer 3.64 can be formed by spin-coating (which was carried out in 
order to measure the thin-film photoluminescence spectrum).  This monomer therefore has 
potential for use as a small molecule material in OLED devices, due to its processability. 
 
In Figure 3.13, the energy levels of both monomers are compared with the workfunctions 
of some typical electrode choices for an OLED device, along with the initial DFT calculation 
performed on the spirosilabifluorene subunit, as discussed earlier in this chapter.   
 
 
 
 
Figure 3.13: Energy level diagram depicting HOMO and LUMO levels of spirosilabifluorene monomers, with table of energy gap 
values inset. 
 
-4.7
-5.2
-1.06
-1.86
-2.3
-2.7
-4.26
-5.82
-6.26 -6.17
-7
-6
-5
-4
-3
-2
-1
0
ITO PEDOT:PSS DFT Model 3.43 3.64 Ba Al
En
e
rg
y 
(e
V
)
Material Energy gap 
DFT model 4.76 eV 
3.43 4.40 eV 
3.65 3.87 eV 
 
147 
 
The first observation made is the synthesised monomers both have greatly lowered LUMO 
levels with respect to the DFT model compound.  Assuming that the DFT calculations were 
reasonably reliable, this indicates that the introduction of fluorine, and trifluoromethyl 
substituents has led to increased electron affinity and resulting in a lowering of the LUMO.  
As a result, the energy gaps of the synthesised monomers are also smaller than that of the 
model compound.  In this device setup, monomer 3.64 has a hole-blocking character, while 
monomer 3.43 would have both a hole- and electron-blocking character.  The most likely use 
of these materials would therefore be as charge-blocking interlayers to improve the balance 
of charge injection within a device. 
 
3.4.3 – Use of Spirosilabifluorene within a Polymer 
 
 
 
Whilst spirosilabifluorene 3.43 has proved to be unsuitable for polymerisation or coupling, 
monomer 3.64 still has high potential for use within either a homo-polymer or co-polymer 
material.  Once the necessary coupling protocol has been established for this material, 
possible synthetic targets could include polymers 3.72 and 3.73.  It is expected that a homo-
polymer of monomer 3.64 would adopt a far more twisted, convoluted structure that that of 
co-polymer 3.73.  This would likely lead to improved fluorescence quantum yields due to the 
decreased likelihood of inter-chain aggregation.  Computational models of these two 
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materials (containing 15 repeat units) were constructed and the geometry optimised to give 
energy-minimised representations.  As expected, the homo-polymer follows a far more 
contorted route, although the co-polymer is still considerably twisted; the alkyl chains present 
in the co-polymer may prove an advantage by improving solubility, while still maintaining 
the non-aggregation effect caused by the spirosilabifluorene subunits (Figure 3.14). 
 
 
Figure 3.14: Energy-minimised structures of 15-mers of (a) a homo-polymer of monomer 3.64 and (b) a co-polymer of monomer 
3.64 with 9,9-dioctylfluorene monomer 2.10. 
[Note: silicon atoms highlighted in pink, structure optimisation performed using ORTEP3, MM2 method; polymer backbones 
highlighted in light blue] 
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4.1 – Materials and General Experimental Techniques 
General 
Unless otherwise stated, all reactions were conducted under dry nitrogen, with a nitrogen-
filled dual manifold using standard Schlenk techniques.  All solvents and reagents were 
obtained from commercial sources and used as received unless otherwise stated.  N,N,-
Dimethylformamide was stirred over calcium hydride overnight, distilled in vacuo and stored 
under nitrogen.  Tetrahydrofuran, diethyl ether, toluene, and hexane and were distilled from 
sodium and stored under nitrogen.  Methylene chloride was refluxed over calcium hydride, 
distilled and stored under nitrogen.   
Literature Syntheses 
Bis(1,5-cyclooctadiene)diiridium(I) dichloride,
1
 2,7-dibromofluorene,
2
 2,2’-
dibromobiphenyl 2.15,
3
 N-octyl-9H-carbazole 2.20,
4
 2-bromo-9,9-dioctyl-9H-fluorene 3.51,
5
 
2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3.52
6
 and 2,7-
dibromo-9,9-dioctyl-9H-fluorene 3.57
7
 were prepared according to literature procedures.  
Nuclear Magnetic Resonance Spectrometry 
Proton NMR spectra were performed on a Bruker Av-400 (400 MHz), carbon–13 NMR 
spectra were recorded with proton decoupling on a Bruker Av-400 (100 MHz).  Fluorine-19 
and silicon-29 NMR spectra were performed on a Bruker Av-400 (at 376 MHz and 79 MHz 
respectively).  Chemical shifts are reported in ppm relative to residual protons in the 
commercially available deuterated solvents.  All spectra were analysed using MestreNova 
software, from MestreLab.   
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Gel Permeation Chromatography 
GPC data was collected using a Polylabs PCL-50, with 2 MIXED-D columns in series at 
25 °C, using THF against polystyrene narrow molecular weight standards as calibrants.  Flash 
column chromatography was performed on Merck Kieselgel 60 (230-400 mesh) silica.  
Analytical thin layer chromatography (TLC) was performed on pre-coated 0.25 mm thick 
Merck 5715 Kieselgel 60 F254 silica gel plates and observed under 254 nm or 366 nm 
ultraviolet light.   
Melting Point Measurements 
Melting points were determined with a Gallenkamp melting point apparatus and are 
uncorrected.   
Elemental and X-Ray Crystallographic Analyses 
Elemental analyses were performed by Mr Steven Boyer, London Metropolitan 
University.   X-ray crystallography structure refinements were performed by Prof. J. White 
and Dr. A. White. 
Optical Spectrometry 
Photoluminescence spectra were recorded using a Varian Cary Eclipse Fluorescence 
Spectrometer. Thin films were prepared by spin casting toluene solutions (15 mg in 1 cm
3
) on 
cut microscope slides.  UV/Vis spectra were recorded in solution, using a Perkin Elmer 
LAMBDA 25 spectrophotometer.  Infrared absorptions were measured in the solid state (or 
neat liquid in the case of oil samples) using a Perkin Elmer 400 FT spectrometer. 
Calorimetry and Decomposition Measurements 
Differential scanning calorimetry measurements were recorded using a Perkin Elmer Pyris 
1 DSC instrument with liquid nitrogen as coolant.  10-15 mg Of the polymer sample was 
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sealed within an aluminium pan with a crimping tool.  The sample was heated from 30 °C to 
200 °C at a heating rate of 40 °C / min, held for 1 minute at 200 °C, then cooled to 30 °C at a 
rate of 40 °C / min.  This cycle was repeated three times, then twice more with a heating rate 
of 100 °C / min.  Thermogravimetric analysis measurements were recorded using a Perkin 
Elmer Pyris 1 TGA instrument.  5-10 mg Of the polymer sample were loaded into the 
crucible and accurately weighed.  The sample was then heated from 100 °C to 650 °C under a 
20 mL / min flow of nitrogen.  The decomposition temperature, Td, was determined by the 
temperature at which 5% mass loss of the sample occurred. 
Cyclic Voltammetry 
Cyclic Voltammetry was performed using a three electrode configuration.  The materials 
were spin-cast onto a glass-carbon working electrode.  A platinum wire counter electrode and 
Ag /AgCl pseudo reference electrode were immersed, along with the working electrode, in a 
solution of 0.1 M tetrabutylammonium perchlorate in acetonitrile under a blanket of argon.  
Measurements were calibrated using a ferrocene / ferrocenium couple as an internal standard. 
The energy levels were then determined in the same manner as described by Thelakkat et al.
8
   
Mass Spectrometry 
Low resolution mass spectrometry was performed on a VG Autospec Q spectrometer (EI) 
or an LCT Premier electrospray spectrometer (ESI).  High resolution mass spectrometry was 
performed on a VG Autospec Q spectrometer. 
Device Fabrication 
Device fabrication was conducted using an MBraun  nitrogen-filled glove box, within a 
clean-room environment at Cambridge Display Technology Ltd.  Pre-patterned ITO-covered 
glass plates (45 x 45 x 0.7 mm) were annealed and UV / ozone cured for 2 min before a 10 
nm layer of PEDOT:PSS was deposited by spin-coating (Dispense phase – 300 rpm 
155 
 
(acceleration 100 rpm
2
) 4 s; spin phase – lid closed, 2610 rpm (acceleration 5000 rpm2) 7 s; 
Dry phase – lid open, 400 rpm (acceleration 100 rpm2) 60 s).  The plates were then annealed 
at 170 °C for 15 minutes and a 50 nm layer of the emissive layer (from the range of co-
polymers 2.23 to 2.30) was spin-coated and dried before briefly annealing at 80 °C.  Co-
polymers were spin-coated from the following solvents and concentrations: 2.24, 2.28 and 
2.29 – 15 mg/mL mixed xylenes; 2.23, 2.26, 2.27 and 2.30 – 20 mg/mL mixed xylenes; 2.25 
– 15 mg/mL chlorobenzene.  A metal evaporation system, with a shadow-mask grille, was 
used to deposit a 0.5 nm layer of elemental barium, followed by 100 nm of elemental 
aluminium.  The whole device was then encapsulated within a moisture / oxygen 
impermeable casing, complete with electrical pin contacts attached to the separated 
electrodes.  A purpose-built testing rig was used to automatically analyse the photophysical 
properties and current/voltage characteristics of each batch of devices.  Spin trials were 
performed by spinning polymer solutions onto plain 0.7 mm x  45 mm x 45 mm glass plates 
within a glovebox. The sample plates were subsequently removed from the glovebox, scored 
with a needle and the surface profile measured using a Dectak stylus profiler. The spin trials 
and device spin-coating for polymer 264 were performed on an open-bowl spinner with a 
vacuum chuck. 
General Polymerisation Method A 
A multi-neck round bottomed flask was charged with 3,6-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane-2-yl)-9,9-dioctyldibenzosilole (550 mg, 0.8 mmol), the chosen co-monomer 
(0.8 mmol), palladium(II)acetate (4 mg, 17 µmol) and toluene (20 mL).  The mixture was 
stirred and degassed with nitrogen for 20 minutes. Tricyclohexylphosphine tetrafluoroborate 
(25 mg, 69 µmol) and a degassed aqueous solution of tetraethylammonium hydroxide (20%, 
2 mL) were added under nitrogen. The reaction mixture was degassed for a further 10 
minutes, then stirred at 110 °C for 48 hours, subsequently being allowed to cool to room 
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temperature. Bromobenzene (0.09 mL, 0.8 mmol), palladium(II)acetate (4 mg, 17 µmol) and 
tricyclohexylphosphine tetrafluoroborate (25 mg, 69 µmol) were added under nitrogen. The 
mixture was stirred and degassed with nitrogen for 10 minutes after which the reaction was 
stirred at 110 °C overnight, then allowed to cool to room temperature. Phenylboronic acid 
(204 mg, 1.7 mmol), palladium(II)acetate (4 mg, 17 µmol) and tricyclohexylphosphine 
tetrafluoroborate (25 mg, 69 µmol) were added under nitrogen. The mixture was stirred and 
degassed with nitrogen for 10 minutes after which the reaction was stirred at 110 °C 
overnight. The reaction was allowed to cool to room temperature. The organic layer was 
removed and filtered though a pad of silica. The solution was concentrated in vacuo, then 
added dropwise into a vigorously stirred flask of methanol (250 mL).  The resulting 
precipitate was filtered and collected, then re-dissolved in DCM and filtered through a plug 
of silica.  The solution was again concentrated in vacuo and precipitated into a vigorously 
stirred flask of methanol (250 mL). The precipitate was filtered, washed with methanol and 
dried in vacuo.  
General Polymerisation Method B 
A multi-neck round bottomed flask was charged with 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane-2-yl)-9,9-dioctyldibenzosilole (1.00 g, 1.2 mmol), bis(4-bromophenyl)-4-sec-
butylphenylamine (697 mg, 1.5 mmol), palladium(II)acetate (7 mg, 31 µmol) and toluene (30 
mL).  The mixture was stirred and degassed with nitrogen for 20 minutes. 
Tricyclohexylphosphine tetrafluoroborate (46 mg, 125 µmol) and a degassed aqueous 
solution of tetraethylammonium hydroxide (20%, 3 mL) were added under nitrogen. The 
reaction mixture was degassed for a further 10 minutes, then stirred at 110 °C for 48 hours, 
subsequently being allowed to cool to room temperature. Bromobenzene (0.16 mL, 1.5 
mmol), palladium(II)acetate (7 mg, 31 µmol) and tricyclohexylphosphine tetrafluoroborate 
(46 mg, 125 µmol) were added under nitrogen. The mixture was stirred and degassed with 
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nitrogen for 10 minutes after which the reaction was stirred at 110 °C overnight, then allowed 
to cool to room temperature. Phenylboronic acid (370 mg, 3.0 mmol), palladium(II)acetate (7 
mg, 31 µmol) and tricyclohexylphosphine tetrafluoroborate (46 mg, 125 µmol) were added 
under nitrogen. The mixture was stirred and degassed with nitrogen for 10 minutes after 
which the reaction was stirred at 110 °C overnight. The reaction was allowed to cool to room 
temperature. The organic layer was removed and filtered though a pad of silica. The solution 
was concentrated in vacuo, then added dropwise into a vigorously stirred flask of methanol 
(500 mL).  The resulting precipitate was filtered and collected, then re-dissolved in DCM and 
filtered through a plug of silica.  The solution was again concentrated in vacuo and 
precipitated into a vigorously stirred flask of methanol (500 mL). The precipitate was filtered, 
washed with methanol and dried in vacuo.  
 
4.2 – Experimental Procedures 
4.2.1 – Co-monomer Synthesis 
N,N'-bis(3-bromobenzoyl)hydrazine 2.21
9
 
 
 
 
A multi-necked round-bottomed flask was charged with 3-bromobenzoyl chloride (6.00 
mL, 45.5 mmol) and N-methyl-2-pyrrolidinone (200 mL).  The mixture was stirred and 
degassed with nitrogen for 20 minutes and then cooled to 0 °C before hydrazine monohydrate 
(4.42 mL, 91.1 mmol) was added dropwise under nitrogen.  The reaction was stirred 
overnight at room temperature under a nitrogen atmosphere, then precipitated into distilled 
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water (1.5 L).  The precipitate was collected and washed thoroughly with EtOAc (500 mL) 
and petroleum ether 40-60 °C (50 mL), then dried in vacuo to afford the title compound (7.03 
g, 17.8 mmol, 78%) as a fine white powder; mp >220 °C; H(400 MHz, DMSO) 7.51 (2H, 
dd, J 8.0, 8.0, ArH), 7.82 (2H, d, J 8.0 ArH), 7.92 (2H, d, J 8.0, ArH), 8.09 (2H, s, ArH), 
10.67 (2H, s, NH). 
 
1,2-Bis((3-bromophenyl)chloromethylene)hydrazine 2.22 
 
 
 
A multi-necked round-bottomed flask was charged with N,N'-bis(3-
bromobenzoyl)hydrazine (6.09 g, 15.4 mmol) and toluene (120 mL).  The mixture was stirred 
and degassed with nitrogen for 30 minutes, whilst warming to 60 °C. Phosphorous 
pentachloride (7.05 g, 33.9 mmol) was added to reaction under nitrogen and the mixture was 
stirred at reflux overnight.  On cooling to room temperature, the resultant yellow precipitate 
was collected and washed thoroughly with chloroform (100 mL) to afford the title compound 
(1.21 g, 2.8 mmol, 18%) as yellow crystals; mp 109-110 °C; max/nm (CHCl3 solution) 267, 
273, 296, 307; νmax/cm
-1
 (Neat solid) 660, 729, 761, 858, 819, 951, 1006, 1061, 1156, 1189, 
1294, 1394, 1445, 1600, 1720; H(400 MHz, DMSO) 7.57 (2H, dd, J 8.0, ArH), 7.89 (2H, d, 
J 8.0, ArH), 8.08 (2H, d, J 8.0, ArH), 8.18 (2H, s, ArH). 
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2,5-Bis(3-bromophenyl)-1,3,4-oxadiazole 2.01 
 
 
 
A multi-necked round-bottomed flask was evacuated and filled with nitrogen. N,N'-bis(3-
bromobenzoyl)hydrazine (1.20 g, 3.0 mmol) and phosphorous oxychloride (40 mL) were 
added under nitrogen and the mixture was stirred and degassed with nitrogen for 20 minutes.  
The reaction was then stirred at 130 °C under nitrogen for 7 hours.  Once cooled to room 
temperature, the mixture was cautiously added to ice water.  The mixture was maintained at 0 
°C whilst KOH pellets were added until the solution was pH neutral.  The aqueous layer was 
extracted with chloroform (3 x 50 mL).  The combined organic layers were washed with 
brine (200 mL), dried (MgSO4) and dried in vacuo. Recrystallisation from ethanol afforded 
the title compound (1.01 g, 2.7 mmol, 88%) as fine colourless needles. 
(Found: C, 44.2; H, 2.0; N, 7.30. C14H8Br2N2O requires: C, 44.2; H, 2.1; N, 7.4 %); mp 
178-181 °C; max/nm (CHCl3 solution) 280, 287; νmax/cm
-1
 (Neat solid) 656, 677, 728, 759, 
795, 888, 969, 1003, 1078, 1263, 1442, 1457, 1543, 1570; H(400 MHz, CDCl3) 7.41 (2H, 
dd, J 8.0, 8.0, ArH), 7.69 (2H, d, J 8.0 ArH), 8.08 (2H, d, J 8.0, ArH), 8.27 (2H, s, ArH); 
C(100 MHz, CDCl3) 88.8, 89.4, 89.4, 90.5, 90.7, 91.8, 99.0; m/z (ES) 378.9078 ([M+H]
+
. 
C14H9
79
Br2N2O requires 378.9082), (ES+) 421.9 ([M+ACN+H]
+
, 80%), 380.9 (100), 342 
(42). 
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3,5-Bis(3-bromophenyl)-4-(4-(octyloxy)phenyl)-1,2,4-triazole 2.02 
 
 
A multi-necked round-bottomed flask was charged with 4-octyloxyaniline (672 mg, 3.0 
mmol) and 1,2-bis((3-bromophenyl)chloromethylene)hydrazine (1.20 g, 2.8 mmol), then 
evacuated and nitrogen-filled. N,N-dimethylaniline (20 mL) was added under nitrogen and 
the mixture was stirred and degassed with nitrogen for 20 minutes, then stirred at 135 °C for 
48 hours under a nitrogen atmosphere.  The reaction mixture was allowed to cool to room 
temperature and precipitated into a beaker containing hydrochloric acid (2.0 mol dm
-3
, 100 
mL), which was then stirred vigorously for 20 minutes. A light brown precipitate was 
collected and washed with distilled water. Recrystallisation from isopropyl alcohol afforded 
the title compound (1.05 g, 1.8 mmol, 66%) as colourless crystals. 
Mp 96-97 °C; max/nm (CHCl3 solution) 267; νmax/cm
-1
 (Neat solid) 835, 1247, 1300, 
1463, 1511, 1570, 2854, 2918; H(400 MHz, CDCl3) 0.87 (3H, t, J 6.5, CH3), 1.22-1.50 
(10H, m, CH2) 1.74-1.84 (2H, m, CH2), 3.98 (2H, t, J 6.5, CH2), 6.93 (2H, d, J 9.0, ArH), 
7.04 (2H, d, J 9.0, ArH), 7.14 (2H, dd, J 8.0, 8.0, ArH), 7.28 (2H, d, J 8.0, ArH), 7.49 (2H, d, 
J 8.0, ArH), 7.70 (2H, s, ArH); C(100 MHz, CDCl3) 14.3, 22.8, 26.1, 29.2, 29.4, 29.5, 31.9, 
68.7, 116.0, 122.7, 126.7, 127.1, 128.7, 131.9, 132.9, 153.9, 160.3; m/z (ES) 582.0746 
([M+H]
+
. C28H30
79
Br2N3O requires 582.0756), (ES+) 647 ([M+ACN+Na]
+
, 12%), 584 (100). 
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3,6-Dibromo-N-octyl-9H-carbazole 2.03
4
 
 
 
 
A round bottomed flask was charged with N-octyl-9H-carbazole (10.00 g, 35.78 mmol) 
and THF (200 mL).  The solution was cooled to 0 °C in an ice bath and N-Bromosuccinimide 
(13.38 g, 75.15 mmol) was added portion-wise over a period of 10 min.  The reaction mixture 
was stirred overnight, warming to room temperature.  The crude product was extracted with 
DCM (3 x 200 mL) and the combined organic extracts were washed with distilled water (2 x 
300 mL), dried (MgSO4) and evaporated under reduced pressure. Purification by filtration 
through a silica plug, using hexane as eluent, followed by recrystallisation from ethanol gave 
the title compound (12.61 g, 28.83 mmol, 81%) as colourless crystals; RF (hexane-EtOAc, 
5:1) 0.23;  H(400 MHz, CDCl3) 0.86 (3H, t, J 6.9, CH3), 1.23–1.31 (10H, m, CH2), 1.80–
1.84 (2H, m, CH2), 4.23 (2H, t, J 7.2, NCH2), 7.25 (2H, d, J 8.7, ArH), 7.55 (2H, dd, J 1.8 
8.7, ArH), 8.14 (2H, d, J 1.8, ArH). The H data is in agreement with literature values.
4
 
 
N,N-bis(4-bromobenzene)-4-secbutylaniline 2.04 
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An oven-dried multi-necked round-bottomed flask was evacuated and filled with nitrogen. 
4-sec-Butylaniline (2.46 mL, 16.1 mmol), 1-bromo-4-iodobenzene (10.00 g, 35.4 mmol), 
1,10-phenanthroline monohydrate (127 mg, 0.6 mmol) and toluene (55 mL) were added 
under nitrogen.  A Dean-Stark trap was fitted and the reaction mixture was stirred and 
degassed with nitrogen for 20 minutes. Copper (I) chloride (64 mg, 0.6 mmol) and ground, 
oven-dried potassium hydroxide (7.21 g, 128.5 mmol), were added under nitrogen and the 
mixture was stirred and degassed for a further 10 minutes before stirring overnight at reflux 
under a nitrogen atmosphere.  The reaction was allowed to cool to room temperature and 
distilled water (50 mL) was added.  The aqueous layer was extracted with toluene (3 x 50 
mL) and the combined organic layers were washed with 10% aqueous ammonia solution (100 
mL), distilled water (100 mL), aqueous thiosulphate solution (10%, 100 mL) and brine (100 
mL). The solution was dried (MgSO4) and the solvent was removed in vacuo to give a dark 
orange oil.  Purification by column chromatography on silica, using petroleum ether (40-60 
°C) with 2% triethylamine as the eluent mixture, followed by recrystallisation from isopropyl 
alcohol afforded the title compound (2.41 g, 5.2 mmol, 33%) as white needles. 
(Found: C, 57.5; H, 4.6; N, 2.9. C22H21Br2N requires: C, 57.5; H, 4.6; N, 3.05 %); RF 
(Petroleum ether (40-60 °C) -2%Et3N) 0.52; mp 108-109 °C; max/nm (CHCl3 solution) 308; 
νmax/cm
-1
 (Neat solid) 694, 817, 1001, 1070, 1272, 1312, 1482, 1509, 1577; H(400 MHz, 
CDCl3) 0.83 (3H, t, J 7.5, CH3), 1.21 (3H, d, J 7.0, CH3), 1.53-1.63 (2H, m, CH2), 2.59 (1H, 
tq, J 7.0, 7.0, CH), 6.92 (4H, d, J 8.0, ArH), 6.98 (2H, d, J 8.5, ArH), 7.11 (2H, d, J 8.5, 
ArH), 7.33 (4H, d, J 9.0, ArH); C(100 MHz, CDCl3) 12.6, 22.1, 31.7, 41.7, 115.3, 125.5, 
125.6, 128.7, 132.7, 144.4, 145.0, 147.4; m/z (ES) 458.0120 ([M+H]
+
. C22H22
79
Br2N2 requires 
458.0119), (ES+) 460 (100%), 245 (19), 153 (21). 
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4.2.2 – Synthesis of Dibenzosiloles 
4,4’-Dibromo-2,2’-dinitrobiphenyl 2.062 
 
 
 
2,5-Dibromonitrobenzene (50.00 g, 178.0 mmol) was dissolved in dry DMF (200 mL).  
Copper powder (27.00 g, 424.0 mmol) was added to the solution, after which the reaction 
mixture was heated to 125 ºC for 3 h.  Having allowed the mixture to cool to room 
temperature, toluene (200 mL) was added and any insoluble inorganic salts present in the 
mixture were removed by filtration through celite.  The filtrate was evaporated to dryness in 
vacuo to give a solid, which was then washed with cold methanol (500 mL) and re-dissolved 
in toluene (200 mL). This solution was again filtered through celite, to remove any remaining 
inorganic salts, then evaporated to give the title compound (28.20 g, 70.0 mmol, 79 %) as 
yellow crystals.  
Mp 147-149 ºC (lit. mp 146-148 °C)
10
; H(400 MHz, CDCl3) 7.16 (2H, d, J 8.1, ArH), 
7.83 (2H, dd, J 8.2, 2.0, ArH), 8.38 (2H, d, J 2.0, ArH). The H data is in agreement with 
literature values.
2
 
 
4,4’-Dibromobiphenyl-2,2’-diamine 2.0711 
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4,4’-Dibromo-2,2'-dinitrobiphenyl (50.00 g, 124.4 mmol) was dissolved in stirring abs. 
ethanol (600 mL).  Subsequently, aqueous HCl (410 mL, 32% w/w) was added, followed by 
a cautious addition of tin powder (59.05 g, 497.5 mmol) over 10 minutes.  The reaction 
mixture was heated at 100 ºC to reflux, whilst stirring, for 2 h.  Having allowed the mixture to 
cool, it was poured into ice water (ca. 2000 mL).  KOH pellets were added slowly until the 
mixture was pH-basic (pH > 9).  Diethyl ether (1000 mL) was used to extract the crude 
product, which was washed with brine (500 mL) and dried (MgSO4), before being filtered 
and evaporated to dryness.  Purification by recrystallisation from ethanol yielded the title 
compound (10.87 g, 32.0 mmol, 92 %) as a light brown solid.  
Mp 119 ºC (lit. mp 119-120 °C)
11
; H(400 MHz, CDCl3) 3.72 (4H, br s, NH2), 6.94 (6H, 
m, ArH).  The H data is in agreement with literature values.
11
 
 
4,4'-Dibromo-2,2'-diiodobiphenyl 2.08
12
 
 
 
 
A 3-necked flask equipped with a low temperature thermometer was charged with 4,4’-
dibromobiphenyl-2,2’-diamine (1.00 g, 2.6 mmol), aqueous HCl (10 mL, 32% w/w), H2O (40 
mL) and acetonitrile (40 mL).  The mixture was warmed and stirred until the diamine was 
dissolved, then cooled to -10 °C, giving a light yellow precipitate.  A solution of sodium 
nitrite (0.92 g, 13.4 mmol) in H2O (5 mL) was cooled to 0 °C and added slowly to the 
reaction mixture, keeping the reaction temperature between -10 and -5 °C.  The reaction was 
stirred at this temperature for one hour.  A solution of KI (4.44 g, 26.7 mmol) in H2O (10 
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mL) was cooled to 0 °C and added dropwise via cannula to the reaction mixture with 
vigorous stirring, whilst maintaining the reaction temperature between -15 °C and -10 °C.  
Once addition was complete, the reaction was warmed to room temperature and then heated 
to 80 °C overnight.  The product was extracted with chloroform (3 x 100 mL) and the 
combined organic phases washed with aq. Na2S2O3 (200 mL), H2O (200 mL) and brine (200 
mL), dried (MgSO4) and evaporated to dryness.  Purification by column chromatography on 
silica gel, using hexane as eluent, followed by recrystallisation from hexane yielded the title 
compound (0.88 g, 1.56 mmol, 58 %; lit. yield 30%
12
) as colourless needles. 
RF (hexane) 0.32; mp 89-90 °C, (lit. mp 89 °C)
12
; H(400 MHz, CDCl3) 7.03 (2H, d, J 8.1, 
ArH), 7.56 (2H, dd, J 8.1 1.9, ArH), 8.09 (2H, d, J 1.9, ArH). The H data is in agreement 
with literature values.
12
 
 
2,7-Dibromo-9,9-di-n-octyldibenzosilole 2.09
12
 
 
 
 
An oven-dried 3-necked flask was charged with 4,4’-dibromo-2,2’-diiodobiphenyl (8.00 g, 
14.2 mmol) and dry THF (200 mL) under a nitrogen atmosphere.  The solution was cooled to 
-90 ºC using an ethanol / liquid nitrogen cooling bath. t-Butyllithium (34.25 mL, 58.2 mmol, 
1.7 M in hexanes) was added dropwise, while maintaining the reaction temperature at -90 ºC.  
The mixture was stirred for a further 30 min at -90 ºC, then di-n-octyldichlorosilane (10.32 
mL, 29.8 mmol) was added dropwise.  The mixture was stirred overnight, warming to room 
temperature.  Distilled water was added to quench the reaction and the THF / water was 
removed in vacuo.  The crude product was extracted with diethyl ether (3 x 200 mL) and the 
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combined organic layers were washed with aqueous sodium thiosulphate (10%, 2 x 200 mL) 
and brine (2 x 150 mL).  The organic layer was dried (MgSO4) and evaporated to dryness to 
give a yellow/brown oil.  Purification by column chromatography on silica gel, using hexane 
as eluent, yielded the title compound (6.44 g, 11.4 mmol, 81%) as a colourless oil.  
RF (hexane) 0.45; H(400 MHz, CDCl3) 0.86 (6H, t, J 7.0, CH3), 0.90-0.95 (4H, m, CH2), 
1.19-1.33 (24H, m, CH2), 7.54 (2H, dd, J 8.3, 2.0, ArH), 7.63 (2H, d, J 8.3, ArH), 7.71 (2H, 
d, J 2.0, ArH). The H data is in agreement with literature values.
12
 
 
2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9-dioctyldibenzosilole 2.10
13
 
 
 
 
A dry 2-necked flask was charged with 2,7-dibromo-9,9-dioctyldibenzosilole (3.00 g, 5.3 
mmol) and dry THF (60 mL) under a nitrogen atmosphere.  The solution was cooled to -78 
ºC and t-butyllithium (13.22 mL, 22.5 mmol, 1.7 M in hexanes) was added dropwise over 30 
minutes.  The mixture was stirred for a further 20 minutes at -78 ºC, then 2-isopropoxy-
4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane (2.71 mL, 13.3 mmol) was added dropwise to the 
mixture.  The reaction was then stirred overnight, warming to room temperature.  Distilled 
water was added to quench the reaction and the bulk of the solvents were removed in vacuo. 
The product was extracted with diethyl ether (3 x 100 mL) and the combined organic layers 
were washed with brine (150 mL), dried (MgSO4) and evaporated to dryness.  Purification by 
recrystallisation from propan-2-ol afforded the title compound (1.99 g, 3.0 mmol, 57%) as 
colourless crystals. 
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Mp 116-117°C (lit. mp 115-116 °C)
13
; H(400 MHz, CDCl3) 0.86 (6H, t, J 7.0, CH3), 
0.88-0.96 (4H, m, CH2), 1.19-1.35 (24H, m, CH2), 1.37 (24H, s, OCCH3), 7.86 (2H, d, J 7.6, 
ArH), 7.89 (2H, d, J 7.6, ArH), 8.05 (2H, s, ArH). The H data is in agreement with literature 
values.
13
  
 
2,7-Dibromo-9,9-dimethyldibenzosilole 2.12 
 
 
 
A dry 3-necked flask was charged with 4,4’-dibromo-2,2’-diiodobiphenyl (2.00 g, 3.6 
mmol) and dry THF (40 mL), under a nitrogen atmosphere.  The solution was cooled to -95 
ºC, using an ethanol/liquid nitrogen cooling bath, and t-butyllithium (8.35 mL, 14.2 mmol, 
1.7 M in pentane) was added dropwise over a period of one hour.  The mixture was stirred for 
a further hour at -95 ºC, then dichlorodimethylsilane (0.86 mL, 7.1 mmol) was added and the 
mixture was stirred overnight, warming to room temperature.  Distilled water was added to 
quench the reaction and the THF/water was removed in vacuo. The mixture was extracted 
with diethyl ether (100 mL) and washed twice with brine (100 mL).  The organic layer was 
dried (MgSO4) and evaporated to dryness.  Recrystallisation from hexane afforded the 
desired product (0.98 g, 2.7 mmol, 75%) as a white solid. 
Mp 149-151 °C; max/nm (CHCl3 solution) 243, 290, 299; νmax/cm
-1
 (Neat solid) 653, 732, 
778, 819, 843, 897, 999, 1064, 1140, 1240, 1375, 1444, 1552; H(400 MHz, CDCl3) 0.43 
(6H, s, CH3), 7.54 (2H, dd, J 2.0, 8.3, ArH), 7.63 (2H, d, J 8.3, ArH), 7.71 (2H, d, J 2.0, 
ArH); δC(100 MHz, CDCl3) -3.3, 122.6, 122.7, 133.4, 135.8, 141.6, 145.7; m/z (EI) 364.9075 
(M
+
. C14H12
79
Br2Si requires 365.9075), 368 (100%), 353 (92), 165 (21). 
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2,2’-Diiodobiphenyl 2.163 
 
 
 
An oven-dried 2-necked flask was charged with 2,2’-dibromobiphenyl (5.00 g, 16.0 
mmol) and dry diethyl ether (50 mL) under a nitrogen atmosphere.  The solution was cooled 
to -78 ºC and n-butyllithium (23.0 mL, 36.9 mmol, 1.6 M in hexanes) was added dropwise 
over one hour.  The mixture was stirred overnight, warming to room temperature. It was then 
cooled to 0 °C and a solution of iodine (9.35 g, 36.9 mmol) in dry diethyl ether (50 mL) was 
added dropwise.  The reaction was stirred at room temperature for a further two hours before 
a solution of sodium thiosulphate (1 g) in distilled water (60 mL) was added to quench the 
reaction. The product was extracted with diethyl ether (3 x 100 mL) and the combined 
organic fractions were washed with brine (150 mL) then dried (MgSO4).  Removal of the 
solvent in vacuo gave an off-white solid.  Purification by filtration through a pad of silica, 
using hexane as eluent, followed by recrystallisation from hexane afforded the title compound 
(4.16 g, 10.24 mmol, 64%) as colourless crystals. 
Mp 112 - 114 °C (lit. mp 107-108 °C)
3
; H(400 MHz, CDCl3) 7.07 (2H, td, J 7.5, 1.5, 
ArH), 7.18 (2H, dd, J 1.5, 7.5, ArH), 7.40 (2H, t, J 6.5, ArH), 7.93 (2H, d, J 7.5, ArH). The 
H data is in agreement with literature values.
3
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5,5'-Dibromo-2,2'-diiodobiphenyl 2.17
14
 
 
 
 
A multi-necked round-bottomed flask was charged with 2,2’-diiodobiphenyl (15.00 g, 
36.9 mmol), iron powder (309 mg, 5.5 mmol) and carbon tetrachloride (350 mL). The 
mixture was stirred and de-gassed with nitrogen for 30 minutes, then bromine (8.52 mL, 
166.2 mmol) was added via syringe.  The reaction was stirred at 50 °C overnight under a 
nitrogen atmosphere then allowed to cool to room temperature.  A solution of aqueous 
potassium hydroxide (10%, 200 mL) was added to quench excess bromine and the mixture 
was separated. The aqueous layer was extracted with carbon tetrachloride (1 x 100 mL), the 
combined organic layers were dried (MgSO4) and the solvent was removed in vacuo. The 
product was washed thoroughly with DCM (200 mL) to afford the title compound (8.22 g, 
14.6 mmol, 39%) as a white powder. 
Mp 212 – 213 °C; (lit. mp 198-200 °C)14 H(400 MHz, CDCl3) 7.22 (2H, dd, J 8.5, 2.5, 
ArH), 7.30 (2H, d, J 2.5, ArH), 7.76 (2H, d, J 8.5, ArH). The H data is in agreement with 
literature values.
14
 
 
3,6-Dibromo-9,9-dioctyl-9H-dibenzosilole 2.18
14
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An oven dried multi-necked round-bottomed flask was evacuated and nitrogen filled, then 
charged with 5,5'-dibromo-2,2'-diiodobiphenyl (14.00 g, 24.8 mmol) and dry THF (250 mL) 
under nitrogen.  The solution was cooled to -90 °C and stirred at this temperature for 25 
minutes. t-Butyllithium (64.00 mL, 101.8 mmol, 1.6 M solution in hexanes) was added 
dropwise  via cannula.  The reaction was stirred at -90 °C for one hour before di-n-
octyldichlorosilane (18.05 mL, 52.2 mmol) was added via syringe.  The reaction was stirred 
overnight, allowing it to warm to room temperature.  Distilled water (5 mL) was added to 
quench the reaction and the majority of the solvent was removed in vacuo.  The material was 
extracted with diethyl ether (3 x 100 mL) and the combined organic layers were washed with 
aqueous sodium thiosulphate solution (10%, 2 x 200 mL) and brine (200 mL), then dried 
(MgSO4).  The solvent was removed in vacuo and purification by column chromatography on 
silica gel, using hexane as eluent, afforded the title compound (6.80 g, 12.0 mmol, 49%) as a 
colourless oil. 
RF (hexane) 0.54; H(400 MHz, CDCl3) 0.83 (6H, t, J 7.0, CH3), 0.85-0.93 (4H, m, CH2), 
1.12-1.32 (24H, m, CH2), 7.37-7.45 (4H, m, ArH), 7.88 (2H, d, J 1.5, ArH). The H data is in 
agreement with literature values.
14
 
 
9,9-Dioctyl-3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-dibenzosilole 2.19
14
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An oven dried multi-necked round-bottomed flask was evacuated and nitrogen filled.  A 
solution of 3,6-dibromo-9,9-dioctyl-9H-dibenzosilole (6.80 g, 12.0 mmol) in dry THF (120 
mL) was added via cannula under nitrogen. The flask was cooled to -78 °C and stirred for 10 
minutes.  t-Butyllithium (30.84 mL, 49.4 mmol, 1.6 M solution in hexanes) was added 
dropwise via cannula and the reaction was stirred for a further 30 minutes at -78 °C.  2-
Isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane (6.14 mL, 30.1 mmol) was added via 
syringe and the reaction was stirred overnight under nitrogen, allowing to warm to room 
temperature.  Distilled water (5 mL) was added to quench the reaction and the majority of the 
solvent / water was removed in vacuo.  The crude product was extracted with diethyl ether (3 
x 100 mL) and the combined organic layers were washed with aqueous sodium thiosulphate 
(10%, 200 mL) and brine (200 mL), then dried (MgSO4).  The solvent was removed in vacuo 
and purification by column chromatography on silica, using EtOAc-hexane (1:9) was eluent, 
followed by recrystallisation from ethanol afforded the title compound (2.36 g, 3.6 mmol, 
30%) as colourless crystals. 
RF (EtOAc-hexane, 1:9) 0.32; mp 94 – 96 °C (lit. mp 87-89 °C)
14
; H(400 MHz, CDCl3) 
0.82 (6H, t, J 7.0, CH3), 0.85-0.91 (4H, m, CH2), 1.13-1.36 (24H, m, CH2), 1.37 (24H, s, 
CH3), 7.59 (2H, d, J 7.0, ArH), 7.69 (2H, d, J 7.5, ArH), 8.34 (2H, s, ArH). The H data is in 
agreement with literature values.
14
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4.2.3 – Dibenzosilole Co-Polymer Synthesis 
α,ω-Diphenylpoly(N-octyl-9H-carbazole-3,6-diyl-9,9-dioctyl-9H-dibenzosilole-3,6-diyl) 
2.23 
 
3,6-Dibromo-N-octyl-9H-carbazole (365 mg, 0.8 mmol) was used as the co-monomer, 
following general polymerisation method A, to afford the title compound (547 mg, 96%) as a 
yellow granulated, fibrous solid. 
(Found: C, 84.2; H, 9.5; N, 1.95. A repeat unit composition of C48H63NSi requires: C, 
84.3; H, 9.6; N, 2.05 %); GPC assay in THF vs. narrow polystyrene standards revealed Mw = 
6600, Mn = 4800, MP = 5500, PDI = 1.37; Mw = 1600, Mn = 1500, MP = 1800, PDI = 1.06; 
max/nm (CHCl3 solution) 296; νmax/cm
-1
 (Neat solid) 647, 698, 723, 759, 800, 878, 1019, 
1079, 1144, 1246, 1264, 1297, 1357, 1378, 1467, 1546, 1600, 2852, 2921; H(400 MHz, 
CDCl3) 0.73-0.88 (br m, CH2 and CH3), 0.94-1.05 (br m, CH2), 1.09-1.42 (br m, CH2), 1.42-
1.54 (br m, CH2), 1.79-1.88 (br m, CH2), 3.95-4.05 (br m, CH2), 6.93-7.04 (m, ArH), 7.10-
7.26 (br m, ArH), 7.27-7.54 (br m, ArH), 7.62-7.96 (br m, ArH), 8.04 (s, ArH); C(100 MHz, 
CDCl3) 1.2, 12.5, 12.7, 14.3, 22.9, 24.2, 24.3, 25.1, 27.5, 29.4, 32.1, 33.7, 109.3, 119.4, 
120.2, 123.7, 126.8, 133.9, 134.9, 136.2, 140.7, 141.9, 144.2, 144.3, 149.3. 
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α,ω-Diphenylpoly(9,9-dioctyl-9H-dibenzosilole-3,6-diyl-2,5-bis(m-phenylene)-1,3,5-
oxadiazole) 2.24 
 
 
 
2,5-Bis(3-bromophenyl)-1,3,4-oxadiazole (317 mg, 0.8 mmol) was used as the co-
monomer, following general polymerisation method A, to afford the title compound (464 mg, 
89%) as an off-white powder. 
(Found: C, 80.35; H, 8.0; N, 4.4. A repeat unit composition of C42H50N2OSi requires: C, 
80.45; H, 8.0; N, 4.5 %); GPC assay in THF vs. narrow polystyrene standards revealed Mw = 
5600, Mn = 3300, MP = 4700, PDI = 1.70; max/nm (CHCl3 solution) 268; νmax/cm
-1
 (Neat 
solid) 694, 735, 796, 1033, 1078, 1260, 1381, 1460, 1542, 1597, 2852, 2921; H(400 MHz, 
CDCl3) 0.51-1.43 (br m, CH2 and CH3), 1.72 (br s, CH2), 7.31-7.93 (br m, ArH), 8.02-8.21 
(br m, ArH), 8.21-8.51 (br m, ArH); C(100 MHz, CDCl3) 22.8, 23.3, 24.2, 29.3, 29.4, 32.1, 
33.6, 120.1, 124.6, 125.8, 126.1, 126.9, 128.4, 129.0, 129.8, 134.1, 142.1, 149.0, 164.9. 
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α,ω-Diphenylpoly(4-(4-(octyloxy)phenyl)-3,5-bis(m-phenylene)-4H-1,2,4-triazole-9,9-
dioctyl-9H-dibenzosilole-3,6-diyl) 2.25 
 
 
 
4-(4-(Octyloxy)phenyl)-3,5-bis(3-bromophenyl)-4H-1,2,4-triazole (487 mg, 0.8 mmol) 
was used as the co-monomer, following general polymerisation method A, to afford the title 
compound (650 mg, 94%) as a light yellow fibrous powder.  
GPC assay in THF vs. narrow polystyrene standards revealed Mw = 10500, Mn = 6900, MP 
= 9700, PDI = 1.52; Mw = 1800, Mn = 1700, MP = 2000, PDI = 1.05; max/nm (CHCl3 
solution) 268; νmax/cm
-1
 (Neat solid) 698, 765, 881, 1018, 1083, 1174, 1253, 1300, 1461, 
1512, 1603, 2853, 2922; H(400 MHz, CDCl3) 0.74-1.01 (br m, CH2 and CH3), 1.01-1.45 (br 
m, CH2), 1.58-1.81 (br m, CH2), 3.71-3.98 (br m, CH2), 6.71-7.02 (br m, ArH), 7.02-7.81 (br 
m, ArH), 8.03-8.62 (br m, ArH); C(100 MHz, CDCl3) 12.6, 14.3, 22.8, 24.2, 25.1, 26.3, 
29.3, 29.4, 32.0, 33.7, 68.7, 116.0, 119.9, 126.6, 127.2, 127.5, 127.8, 127.9, 128.1, 128.2, 
129.0, 129.1, 129.3, 133.8, 137.7, 141.9, 142.2, 149.0. 
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α,ω-Diphenylpoly(bis(p-phenylene)-4-sec-butylphenylamine-9,9-dioctyl-9H-dibenzosilole-
3,6-diyl) 2.26 
 
 
Bis(4-bromophenyl)-4-sec-butylphenylamine (383 mg, 0.8 mmol) was used as the co-
monomer, following general polymerisation method A, to afford the title compound (541 mg, 
92%) as a light yellow granulated solid. 
(Found: C, 84.9; H, 9.0; N, 1.9. A repeat unit composition of C50H61NSi requires: C, 
85.05; H, 9.0; N, 2.0 %); GPC assay in THF vs. narrow polystyrene standards revealed Mw = 
10700, Mn = 8000, MP = 8700, PDI = 1.34; Mw = 2400, Mn = 2100, MP = 2900, PDI = 1.11; 
max/nm (CHCl3 solution) 363; νmax/cm
-1
 (Neat solid) 660, 699, 735, 805, 864, 1017, 1090, 
1147, 1261, 1322, 1359, 1471, 1509, 1600, 2853, 2925; H(400 MHz, CDCl3) 0.78-0.90 (m, 
CH2 and CH3), 0.92-1.01 (br m, CH2), 1.11-1.33 (br m, CH2), 1.33 (s, CH3), 1.33-1.47 (br m, 
CH2), 1.51-1.63 (br m, CH2), 2.30-2.62 (br m, CH), 6.95-7.26 (m, ArH), 7.29-7.69 (m, ArH), 
7.77-7.82 (m, ArH), 8.08 (br s, ArH); C(100 MHz, CDCl3) 12.5, 12.7, 14.3, 22.0, 22.9, 24.3, 
25.1, 29.4, 31.5, 32.1, 33.7, 41.3, 119.4, 123.9, 125.2, 125.3, 127.9, 128.2, 133.8, 135.0, 
136.7, 142.8, 143.3, 144.9, 145.3, 147.5, 149.1. 
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α,ω-Diphenylpoly(N-octyl-9H-carbazole-3,6-diyl-9,9-dioctyl-9H-dibenzosilole-2,7-diyl) 
2.27 
 
 
3,6-Dibromo-N-octyl-9H-carbazole (365 mg, 0.8 mmol) was used as the co-monomer, 
following general polymerisation method B, to afford the title compound (994 mg, 96%) as a 
yellow granulated solid.  
GPC assay in THF vs. narrow polystyrene standards revealed Mw = 5500, Mn = 3400, MP 
= 4400, PDI = 1.61; max/nm (CHCl3 solution) 353; νmax/cm
-1
 (Neat solid) 807, 1099, 1150, 
1360, 1453, 2853, 2925; H(400 MHz, CDCl3) 0.75-0.90 (m, CH2 and CH3), 0.95-1.12 (br m, 
CH2), 1.12-1.55 (br m, CH2), 1.83-2.02 (br m, CH2), 4.20-4.42 (br m, CH2), 7.32-7.56 (m, 
ArH), 7.73-8.01 (m, ArH), 8.43-8.49 (m, ArH); C(100 MHz, CDCl3) 12.7, 14.3, 22.9, 24.2, 
25.1, 25.9, 27.6, 29.4, 29.6, 32.1, 33.7, 119.1, 121.4, 123.8, 125.6, 127.9, 129.3, 131.5, 132.8, 
135.0, 137.0, 138.9, 140.6. 
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α,ω-Diphenylpoly(9,9-dioctyl-9H-dibenzosilole-2,7-diyl-2,5-bis(m-phenylene)-1,3,5-
oxadiazole) 2.28 
 
 
 
2,5-Bis(3-bromophenyl)-1,3,4-oxadiazole (577 mg, 1.5 mmol) was used as the co-
monomer, following general polymerisation method B, to afford the title compound (863 mg, 
88%) as a white fibrous solid. 
(Found: C, 80.4; H, 7.9; N, 4.4. Repeat unit composition of C42H50N2OSi requires: C, 
80.5; H, 8.0; N, 4.5 %); GPC assay in THF vs. narrow polystyrene standards revealed Mw = 
4700, Mn = 4000, MP = 3000, PDI = 1.19; Mw = 1800, Mn = 1700, MP = 1900, PDI = 1.04; Mw 
= 700, Mn = 600, MP = 1100, PDI = 1.22; max/nm (CHCl3 solution) 320; νmax/cm
-1
 (Neat 
solid) 695, 739, 804, 834, 897, 969, 1078, 1099, 1150, 1252, 1357, 1387, 1456, 1546, 1597, 
2853, 2923; H(400 MHz, CDCl3) 0.75-0.81 (m, CH2 and CH3), 0.81-1.37 (br m, CH2), 1.37 
(s, CH3), 1.37-1.49 (br m, CH2), 1.62 (br s, CH2), 7.30-7.54 (m, ArH), 7.60-7.72 (br m, ArH), 
7.72-8.02 (br m, ArH), 8.06-8.21 (br m, ArH), 8.31 (br s, ArH), 8.38-8.52 (br m, ArH); 
C(100 MHz, CDCl3) 12.3, 14.1, 22.6, 24.0, 24.9, 29.1, 29.2. 31.8, 33.4, 121.4, 121.6, 124.2, 
124.5, 125.6, 125.6, 127.1, 127.3, 129.3, 129.6, 129.8, 130.5, 130.6, 132.0. 
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α,ω-Diphenylpoly(4-(4-(octyloxy)phenyl)-3,5-bis(m-phenylene)-4H-1,2,4-triazole-9,9-
dioctyl-9H-dibenzosilole-2,7-diyl) 2.29 
 
 
 
4-(4-(Octyloxy)phenyl)-3,5-bis(3-bromophenyl)-4H-1,2,4-triazole (886 mg, 1.5 mmol) 
was used as the co-monomer, following general polymerisation method B, to afford the title 
compound (1.14 g, 91%) as a light yellow fibrous solid. 
(Found: C, 80.9; H, 8.5; N, 4.9. A repeat unit composition of C56H69N3OSi requires: C, 
81.0; H, 8.6; N, 5.1 %); GPC assay in THF vs. narrow polystyrene standards revealed Mw = 
12100, Mn = 6700, MP = 11600, PDI = 1.82; max/nm (CHCl3 solution) 326; νmax/cm
-1
 (Neat 
solid) 696, 736, 795, 832, 891, 1024, 1072, 1153, 1171, 1248, 1297, 1381, 1452, 1512, 1609, 
2853, 2921; H(400 MHz, CDCl3) 0.73-0.89 (m, CH2 and CH3), 1.10-1.39 (br m, CH2), 1.41-
1.52 (br m, CH2), 1.79-1.84 (br m, CH2), 3.96-4.09 (br m, CH2), 6.95-7.04 (br m, ArH), 7.32-
7.53 (br m, ArH), 7.64-7.90 (br m, ArH), 7.92 (br s, ArH); C(100 MHz, CDCl3) 12.5, 14.3, 
22.8, 24.1, 26.3, 29.3, 29.4, 29.6, 32.0, 33.6, 116.0, 121.5, 127.5, 127.6, 128.0, 129.1, 129.2, 
131.9, 138.9, 139.2, 141.7, 147.7, 155.0, 160.3. 
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α,ω-Diphenylpoly(bis(p-phenylene)-4-sec-butylphenylamine-9,9-dioctyl-9H-dibenzosilole-
2,7-diyl) 2.30 
 
 
Bis(4-bromophenyl)-4-sec-butylphenylamine (697 mg, 1.5 mmol) was used as the co-
monomer, following general polymerisation method B, to afford the title compound (0.98 g, 
92%) as a bright yellow fibrous solid. 
GPC assay in THF vs. narrow polystyrene standards revealed Mw = 11700, Mn = 5700, MP 
= 11600, PDI = 2.05; max/nm (CHCl3 solution) 390; νmax/cm
-1
 (Neat solid) 736, 819, 1005, 
1066, 1099, 1147, 1186, 1267, 1320, 1357, 1387, 1454, 1510, 1600, 2854, 2923, 2964; 
H(400 MHz, CDCl3) 0.78-0.90 (m, CH2 and CH3), 0.93-1.03 (br m, CH2), 1.13-1.47 (br m, 
CH2), 1.54-1.64 (m, CH2), 2.52-2.63 (m, CH), 6.95-7.26 (m, ArH), 7.51-7.68 (m, ArH), 7.78-
7.92 (m, ArH), 8.04 (s, ArH); C(100 MHz, CDCl3) 1.2, 12.6, 14.3, 22.0, 22.9, 24.2, 25.1, 
29.3, 29.5, 31.5, 32.1, 33.6, 41.3, 121.4, 124.0, 125.1, 127.8, 127.9, 128.1, 128.2, 128.7, 
131.6, 132.3, 135.3, 138.9, 139.4, 147.1, 147.3. 
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4.2.4 – Disilaanthracene Synthesis 
2-(3,4-Dibromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3.22 
 
 
 
An oven dried Schlenk tube was charged with bis(1,5-cyclooctadiene)diiridium(I) 
dichloride (84 mg, 120 µmol) and sodium methoxide (27 mg, 500 µmol).  The tube was 
evacuated and filled with nitrogen before dry, degassed hexane (50 mL) was added.  The 
yellow solution was stirred at room temperature for 20 minutes under N2.  2,2’-Bipyridyl (36 
mg, 250 µmol) was added and the resulting black solution was stirred for a further 5 minutes 
before bis(pinacolato)diboron (2.10 g, 16.6 mmol) and 1,2-dibromobenzene (2.00 mL, 16.6 
mmol) were added.  The reaction mixture was stirred overnight at 25 ºC then filtered through 
celite and the solvent removed in vacuo.  The crude mixture (a brown oil) was purified by 
flash chromatography on silica gel, using gradient elution; (300 mL pentane to remove 
unreacted starting materials, followed by 150 mL DCM to elute the desired product).  
Removal of the solvent yielded the title compound (3.01 g, 8.3 mmol, 50%) as a colourless 
oil, which crystallised after 5 days to give a white solid. 
(Found: C, 39.9; H, 4.0. C12H15BBr2O2 requires: C, 39.8; H, 4.2 %); RF (DCM) 0.73; mp 
53-54 °C; νmax/cm
-1
 (neat solid) 660, 711, 834, 862, 1019, 1096, 1146, 1251, 1352, 1370, 
1582, 2980; H(500 MHz, CDCl3) 1.32 (12H, s, CH3), 7.53 (1H, dd, J 7.9, 1.4, ArH), 7.59 
(1H, d, J 7.9, ArH), 8.01(1H, d, J 1.4, ArH); C(100 MHz, CDCl3) 24.8, 84.3, 124.7, 128.2, 
133.3, 134.4, 139.7; m/z (EI) 359.9529 (M
+
. C12H15
11
BO2Br2 requires 359.9532); (CI [M + 
NH4
+
]) 380 (17%), 362 (60), 300 (100), 276 (61), 220 (40), 144 (73). 
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9,9-Di-n-octyl-9H-dibenzosilole 3.25 
 
 
 
An oven-dried flask was charged with dry THF (50 mL) and 1,2-dibromobenzene (1.00 g, 
4.2 mmol) under a nitrogen atmosphere and the mixture was cooled to -78 °C.  n-
Butyllithium (5.25 mL, 8.4 mmol, 1.6M solution in hexanes) was added dropwise at -78 °C 
and the reaction was stirred for 10 minutes at this temperature before di-n-octyldichlorosilane 
(1.38 g, 4.2 mmol) was added to the mixture.  The reaction was stirred overnight, allowing it 
to warm to room temperature.  HCl (5 mL, 1M) was added and the mixture was extracted 
with diethyl ether (3 x 20 mL).  The combined organic layers were dried (MgSO4) and the 
solvent removed in vacuo.  The crude product was purified by column chromatography on 
silica gel, using hexane as eluent to yield the title compound (578 mg, 1.0 mmol, 64%) as a 
colourless oil. 
RF (hexane) 0.41, λmax/nm (CHCl3 solution) 279, 288; νmax/cm
-1
 (neat oil) 705, 743, 1069, 
1129, 1261, 1435, 1465, 1594, 2853, 2923; H(500 MHz, CDCl3) 0.86 (6H, t, J 7, CH3), 0.91-
0.98 (4H, m, CH2), 1.16-1.41 (24H, m, CH2), 7.27(2H, t, J 8.3, ArH), 7.43 (2H, t, J 7.7, 
ArH), 7.62 (2H, d, J 7.1, ArH), 7.83 (2H, d, J 7.8, ArH); δC(100 MHz, CDCl3) 12.5, 14.3, 
22.9, 24.1, 29.3, 29.4, 32.0, 33.6, 121.0, 127.3, 130.2, 133.4, 138.1, 148.5; m/z (EI) 406.3055 
(M
+
. C28H42Si requires 406.3056), 406 (48%), 293 (58), 181 (100). 
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4.2.5 – Spirosilabifluorene Synthesis 
2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 3.38
15
 
 
 
 
An oven-dried Schlenk tube was charged with 2-bromoaniline (1.00 g, 5.8 mmol), [(1,1’-
bis{diphenylphosphino}ferrocene)palladium dichloride] (95 mg, 120 µmol), bis(pinacolato) 
diboron (1.59 g, 6.3 mmol) and potassium acetate (1.77 g, 18.0 mmol) under a nitrogen 
atmosphere.  Dry degassed 1,2-dimethoxyethane (20 mL) was added and the reaction mixture 
was stirred and degassed with nitrogen for 10 minutes.  The reaction was heated to 80 °C and 
stirred for 95 hours at this temperature.  The mixture was subsequently allowed to cool to 
room temperature and water (10 mL) and EtOAc (20 mL) were added.  The mixture was 
separated and the aqueous phase extracted with EtOAc (2 x 20 mL) The combined organic 
layers were dried (MgSO4) and the solvent removed in vacuo.  Purification by column 
chromatography on silica gel, using DCM-hexane (2:1) as eluent, yielded the title compound 
as colourless crystals (539 mg, 2.5 mmol, 42%). 
RF (DCM-hexane, 2:1) 0.18;  H(400 MHz, CDCl3) 1.36 (12H, s, CH3), 4.69 (2H, br s, 
NH2), 6.61 (1H, d, J 8, ArH), 6.69 (1H, t, J 7.2, ArH), 7.24 (1H, t, J 8.8, ArH), 7.63 (1H, d, J 
9.2, ArH). The H data is in agreement with literature values.
15
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5-Fluorobiphenyl-2,2'-diamine 3.40 
 
 
 
A multineck flask was charged with 2-bromoaniline (100 mg, 0.6 mmol), 1,1’-
bis(diphenylphosphino)ferrocene palladium(II)chloride complex (24 mg, 28 µmol), then 
evacuated and filled with nitrogen.  1,4-Dioxane (2 mL) and triethylamine (0.32 mL, 2.3 
mmol) were added, followed by a dropwise addition of pinacol borane (0.25 mL, 1.7 mmol).  
The mixture was stirred and degassed for 10 minutes, then heated to 100 °C and stirred for 
four hours at this temperature.  The reaction was cooled to room temperature and distilled 
water (0.26 mL) was added, followed by barium hydroxide octahydrate (550 mg, 1.7 mmol) 
and 2-bromo-4-fluoroaniline (66 µL, 0.6 mmol) under nitrogen.  The mixture was degassed 
for 10 minutes and stirred for 16 hours at 100 °C.  After cooling to room temperature, the 
mixture was extracted with diethyl ether (2 x 30 mL), dried (MgSO4) and the solvent 
removed under reduced pressure.  Purification by column chromatography on silica gel, using 
DCM as eluent, afforded the title compound as an orange oil (67 mg, 0.3 mmol, 50%). 
RF (DCM) 0.12; H(400 MHz, CDCl3) 3.65 (4H, br s, NH2), 6.69 (1H, dd, J 8.6, 4.9, ArH), 
6.77 (1H, d, J 7.5, ArH), 6.80-6.93 (3H, m, ArH), 7.10 (1H, d, J 7.2, ArH), 7.20 (1H, t, J 8.8, 
ArH), δC(100 MHz, CDCl3) 115.4 (d, 
2
JC-F 22), 115.9, 116.6, 117.4 (s, 
2
JC-F 21), 119.0, 123.8, 
125.9, 129.3, 131.0, 140.4, 144.1, 156.3 (d, 
1
JC-F 235). 
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5-Fluoro-2,2’-diiodobiphenyl 3.41 
 
 
 
Method 1 
5-Fluorobiphenyl-2,2’-diamine (1.00 g, 4.3 mmol) was added to a stirring solution of 
hydrochloric acid (35% w/w, 10 mL), distilled water (40 mL) and acetonitrile (100 mL).  The 
mixture was cooled to -10 ºC and a cold (0 ºC) solution of sodium nitrite (1.47 g, 21.3 mmol) 
in water (50 mL) was added dropwise with stirring.  This solution was stirred for one hour at 
0 ºC before KI (7.10 g, 42.6 mmol) in water (100 mL) was added dropwise via cannula, with 
vigorous stirring. The reaction temperature was maintained below 2 ºC.  Once addition of the 
KI solution was complete the mixture was allowed to warm to room temperature and then 
heated at 80 ºC overnight.  Once cooled to room temperature, diethyl ether (200 mL) was 
added and the mixture was separated.  The aqueous layer was further extracted with diethyl 
ether (2 x 50 mL) and the combined organic layers were washed with aqueous sodium 
thiosulphate solution (10%, 100 mL), dried (MgSO4) and evaporated to dryness.  Purification 
of the resulting oil by column chromatography on silica gel, using hexane as eluent, afforded 
the title compound (1.01 g, 2.38 mmol, 56%) as colourless crystals. 
 
Method 2 
An oven-dried multi-neck flask was charged with 2,2'-dibromo-5-fluorobiphenyl (0.75 
mL, 4.9 mmol), evacuated and filled with nitrogen.  Dry THF (80 mL) was added under 
nitrogen and the solution was stirred at -78 ºC for 15 minutes.  n-Butyllithium (8.53 mL, 9.8 
mmol, 1.6 M in hexanes) was added dropwise, via cannula, and the reaction mixture was 
stirred for a further 30 minutes at -78 ºC.  A solution of iodine (2.49 g, 9.8 mmol) in dry THF 
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(50 mL) was added dropwise at -78 ºC and the mixture was stirred overnight, warming to 
room temperature.  An aqueous solution of sodium thiosulphate (10%, 5 mL) was added and 
the mixture was separated and extracted with diethyl ether (2 x 50 mL).  The combined 
organic layers were washed with brine (50 mL), dried (MgSO4) and the solvent removed 
under reduced pressure. Purification of the resulting oil by column chromatography on silica 
gel using hexane as eluent, followed by recrystallisation from hexane, afforded the title 
compound (0.83 g, 2.0 mmol, 74%) as white crystals. 
(Found: C, 34.0; H, 1.6. C12H7FI2 requires: C, 34.0; H, 1.6 %); RF (hexane) 0.23; mp 66.5-
68.0 °C; max/nm (CHCl3 solution) 271; νmax/cm
-1
 (Neat solid) 721, 755, 810, 871, 1009, 
1187, 1252, 1450, 1569; H(400 MHz, CDCl3) 6.86 (1H, m, ArH), 6.95 (1H, m, ArH), 7.10 
(1H, m, ArH), 7.17 (1H, m, ArH), 7.43 (1H, m, ArH), 7.87 (1H, m, ArH), 7.94 (1H, d, J 7.9, 
ArH); δC(100 MHz, CDCl3) 92.80, 99.04, 116.94 (d, 
2
JC-F 22), 117.44 (d, 
2
JC-F 22), 128.12 (d, 
3
JC-F 12), 129.40, 129.80 (d, 
3
JC-F 12), 139.05, 140.16, 147.93, 150.54, 162 (d, 
1
JC-F 248); m/z 
(EI) 423.8616 (M
+
. C12H7
127
I2F requires 423.8621), 297 (100%), 170 (85), 85 (30). 
 
5-Bromo-5’-fluoro-2,2’-diiodobiphenyl 3.42 
 
 
 
A round-bottomed flask was charged with 5-fluoro-2,2’-biphenyl (1.00 g, 2.4 mmol), N-
bromosuccinimide (0.84 g, 4.7 mmol) and chloroform (10 mL).  The mixture was stirred and 
boron trifluoride dihydrate (1 mL) was added cautiously.  A reflux condenser was fitted and 
the reaction was stirred at 65 °C for 48 hours.  The mixture was allowed to cool, then 
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aqueous sodium thiosulphate solution (10%, 15 mL) was added and the layers separated.  The 
aqueous layer was extracted with chloroform (2 x 20 mL) and the combined organic layers 
were washed with aq. sodium thiosulphate solution (10%, 2 x 20 mL) and dried (MgSO4).  
Removal of the solvent in vacuo followed by purification by column chromatography on 
silica gel using hexane as eluent, followed by recrystallisation from hexane, afforded the 
product (0.80 g, 1.6 mmol, 80%) as colourless crystals. 
(Found: C, 28.7; H, 1.2. C12H6Br2FI2 requires: C, 28.7; H, 1.2 %); RF (hexane) 0.30; mp 
131-136.5 °C; max/nm (CHCl3 solution) 244; νmax/cm
-1
 (Neat solid)  711, 753, 810, 872, 902, 
1006, 1083, 1187, 1254, 1401, 1570; H(400 MHz, CDCl3) 6.87 (1H, m, ArH), 6.92 (1H, m, 
ArH), 7.24 (1H, m, ArH), 7.32 (1H, m, ArH), 7.78 (1H, d, J 8.5, ArH), 7.87 (1H, m, ArH); 
δC(100 MHz, CDCl3) 92.49, 92.52, 97.40, 117.55(d, 
2
JC-F 22), 122.52, 132.93 (d, 
2
JC-F 27), 
140.52, 140.55, 149.35, 149.42, 149.75, 162.87 (d, 
1
JC-F 248); m/z (EI) 501.7726 (M
+
. 
C12H6
127
I2
79
Br2F requires 501.7726), 375 (40%), 330 (30), 312 (32), 250 (100), 170 (95), 152 
(35). 
 
2,2'-Dibromo-8,8'-difluoro-5,5'-spirobi[dibenzo[b,d]silole] 3.43 
 
 
 
An oven-dried silanised Schlenk ampoule was charged with 5-bromo-5’-fluoro-2,2’-
diiodobiphenyl (100 mg, 0.2 mmol) and dry THF (1.5 mL) under a nitrogen atmosphere.  The 
solution was cooled to -78 ºC and n-butyllithium (0.26 mL, 0.4 mmol, 1.6 M in hexanes) was 
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added dropwise.  The mixture was stirred for a further 30 minutes at -78 ºC, then 
tetrachlorosilane (11.4 µL, 0.1 mmol) was added dropwise to the mixture.  The reaction 
temperature was quickly raised to room temperature and then stirred overnight at 50 °C.  
Distilled water was added to quench the reaction and the solvent was removed in vacuo.  
Purification by Kugelrohr distillation afforded the title compound (18 mg, 34 µmol, 35%) as 
an amorphous white powder. 
RF (hexane) 0.23; mp ≥220 °C; max/nm (CHCl3 solution) 243, 249, 285; νmax/cm
-1
 (Neat 
solid) 726, 758, 817, 863, 902, 1071, 1177, 1258, 1379, 1409, 1468, 1575; H(400 MHz, 
CDCl3) 6.94 (2H, td, J 8.0, 2.0, ArH), 7.21 (2H, d, J 8.0, ArH), 7.33 (2H, dd, J 6.0, 8.0, ArH), 
7.38 (2H, dd, J 1.5, 6.0, ArH), 7.53 (2H, dd, J 2.0, 10.0, ArH), 7.97 (2H, d, J 1.5, ArH); 
δC(100 MHz, CDCl3) 109.6 (d, 
2
JC-F 22), 116.3 (d, 
2
JC-F 21), 125.5, 127.4, 127.8, 131.9, 
132.1, 136.0, 136.5 (d, 
3
JC-F 9), 151.4, 152.2 (d, 
3
JC-F 8), 166.7 (d, 
1
JC-F 248); δSi(79 MHz, 
CDCl3) -8.05; δF(376 MHz, CDCl3) -109.40 (ddd, J 10.9, 9.6, 6.2); m/z (EI) 523.9056 (M
+
. 
C24H12
79
Br2F2Si requires 523.9043), 526 (100%), 365 (28), 318 (28), 183 (16). 
 
4-Fluoro-2-iodoaniline 3.44
16
 
 
 
 
A flask was charged with sodium hydrogen carbonate (43.00 g, 507.0 mmol), 500 mL 
distilled water and 4-fluoroaniline (30.00 mL, 316.0 mmol).  The mixture was stirred 
vigorously while iodine (52.24 g, 206.0 mmol) was added over 10 min.  The reaction mixture 
was stirred for two hours at room temperature.  Extraction of the product with DCM (3 x 100 
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mL) and subsequent washes with an aqueous KOH solution (1 M, 3 x 150 mL) gave a black 
oil.  Purification by Kugelrohr distillation under reduced pressure (0.1 mm Hg) at 75 °C gave 
the product (9.88 g, 41.0 mmol, 13%) as a yellow oil. 
H(400 MHz, CDCl3) 3.94 (2H, br s, NH2), 6.68 (1H, dd, J 8.6, 4.9, ArH), 6.89 (1H, td, J 
8.6, 2.9, ArH), 7.37 (1H, dd, J 7.9, 2.9, ArH). The H data is in agreement with literature 
values.
16
 
 
4-Fluoro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 3.45 
 
 
 
An oven-dried Schlenk tube was charged with [(1,1’-bis{diphenylphosphino}-
ferrocene)palladium dichloride]  (93 mg, 130 µmol), bis(pinacolato) diboron (1.59 g, 6.3 
mmol) and potassium acetate (1.77 g, 18.0 mmol).  The tube was evacuated and filled with 
nitrogen.  4-Fluoro-2-iodoaniline (1.00 g, 4.2 mmol) and dry, degassed DMSO (100 mL) was 
added under a nitrogen atmosphere.  The reaction mixture was stirred and degassed with 
nitrogen for 10 minutes, then stirred at 80 °C for 6 hours.  The mixture was subsequently 
allowed to cool to room temperature and water was added (100 mL). The product was 
extracted with diethyl ether (3 x 50 mL) and the combined organic layers were washed with 
further amounts of water (3 x 100 mL) and sodium thiosulphate solution (10%, 100 mL).  
The organic layer was dried (MgSO4) and the solvent removed in vacuo.  Purification by 
column chromatography on alumina, using EtOAc/hexane (1:1) as eluent, yielded the title 
compound (852 mg, 3.6 mmol, 85%) as light brown crystals. 
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RF (EtOAc-hexane, 1:1) 0.46; mp 53-54 °C; H(400 MHz, CDCl3) 1.25 (12H, s, CH3), 
4.22 (2H, br s, NH2), 6.72 (1H, m, ArH), 6.84 (1H, m, ArH), 6.90 (1H, m, ArH). 
 
2,2'-Dibromo-5-fluorobiphenyl 3.50 
 
 
A dry multi-neck round bottomed flask was charged with 2-bromo-4-fluoroiodobenzene 
(2.70 g, 9.0 mmol), 2-bromobenzeneboronic acid (1.89 g, 9.4 mmol), tetrakis-
(triphenylphosphine)palladium(0) (518 mg, 0.5 mmol) and dimethoxyethane (50 mL).  The 
mixture was stirred and degassed with N2 for 15 minutes.  A solution of potassium phosphate 
(7.62 g, 35.9 mmol) in water (36 mL) was added to the reaction mixture under nitrogen.  The 
reaction was then heated to 80 °C and stirred at this temperature overnight.  The mixture was 
then cooled to room temperature and water added (50 mL).  The product was extracted with 
diethyl ether (3 x 50 mL) and the combined organic fractions were washed with sodium 
thiosulphate solution (10%, 100 mL) and brine (100 mL) then dried (MgSO4).  Removal of 
the solvent in vacuo gave a yellow oil.  Purification of the resulting oil by column 
chromatography on silica gel, using hexane-DCM (4:1) as eluent, afforded the title compound 
(2.31 g, 7.00 mmol, 78%) as a colourless oil, which slowly crystallised to give white crystals. 
(Found: C, 43.7; H, 2.1. C12H7Br2F requires: C, 43.7; H, 2.1 %); RF (hexane-DCM, 4:1) 
0.42; mp 32.5-34.0 °C; max/nm (CHCl3 solution) 268, 319; νmax/cm
-1
 (Neat solid) 660, 727, 
752, 808, 876, 1014, 1072, 1119, 1184, 1250, 1301, 1396, 1456, 1572, 1605; H(400 MHz, 
CDCl3) 6.95-7.02 (2H, m, ArH), 7.18-7.29 (1H, m, ArH), 7.37 (1H, t, J 7.5, ArH), 7.58 (1H, 
dd, J 14.5, 9.5, ArH), 7.66 (1H, d, J  9.0, ArH); C(100 MHz, CDCl3) 116.65 (d, 
2
JC-F 22), 
190 
 
117.91, 118.20 (d, 
2
JC-F 23), 123.15, 129.78, 130.74, 132.73, 133.85 (d, 
3
JC-F 8), 141.07, 
143.6 (d, 
3
JC-F 8), 161.53 (d, 
1
JC-F 246); m/z (EI) 327.8898 (M
+
. C12H7
79
Br2F requires 
327.8899), 330 (53%), 249 (54), 170 (100), 85 (40). 
 
1-Bromo-2-iodo-4-methoxybenzene 3.61
17
 
 
 
 
A round-bottomed flask was charged with 3-iodoanisole (5.09 mL, 42.7 mmol), N-
bromosuccinimide (8.37 g, 47.0 mmol) and DMF (80 mL).  The reaction mixture was stirred 
at 80 °C for four hours, then cooled to room temperature.  The majority of solvent was 
removed in vacuo and distilled water (100 mL) was added.  The aqueous layer was extracted 
with hexane (3 x 100 mL) and the combined organic layers were washed with 10% aqueous 
sodium thiosulphate solution (10%, 200 mL) and dried (MgSO4).  The solvent was removed 
in vacuo and  purification by column chromatography on silica gel , using hexane-DCM (5:1) 
as eluent, afforded the title compound (10.38 g, 33.2 mmol, 78%) as a colourless oil. 
RF (hexane) 0.16; H(500 MHz, CDCl3) 3.76 (3H, s, CH3), 6.76 (1H, dd, J 9.0, 3.0, ArH), 
7.38 (1H, d, J 3.0, ArH), 7.46 (1H, d, J 9.0, ArH). The H data is in agreement with literature 
values.
17
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2-(2-Bromo-5-(trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3.62 
 
 
An oven dried multi-necked round-bottomed flask was evacuated and nitrogen-filled.  
[Bis(1,5-cyclooctadiene)diiridium(I)dichloride] (478 mg, 0.7 mmol), sodium methoxide (154 
mg, 2.8 mmol) and dry hexane (80 mL) were added under nitrogen and the mixture was 
stirred at room temperature for 20 minutes.  2,2’-Bipyridyl (222 mg, 1.4 mmol) and 
bis(pinacolato)diboron (4.60 g, 18.1 mmol) were added under nitrogen and the mixture was 
stirred for a further 15 minutes.  4-Bromobenzotrifluoride (4.98 mL, 35.6 mmol) was added 
and the reaction was stirred overnight at 60 °C under a nitrogen atmosphere.  After cooling to 
room temperature, the reaction mixture was filtered through a pad of silica, using hexane 
(400 mL) as eluent.  The solvent was removed in vacuo to afford a colourless oil, which 
crystallised after 2 days to give the title compound (4.76 g, 13.6 mmol, 38%) as colourless 
crystals. 
(Found: C, 44.5; H, 4.3. C13H15BBrF3O2 requires: C, 44.5; H, 4.3 %); RF (hexane) 0.10; 
mp 32 °C; max/nm (CHCl3 solution) 277, 284; νmax/cm
-1
 (Neat solid) 676, 687, 699, 735, 
774, 829, 845, 870, 918, 963, 1025, 1073, 1121, 1172, 1269, 1301, 1333, 1350, 1417, 1471, 
1606; H(500 MHz, CDCl3) 1.39 (12H, s, CH3), 7.48 (1H, ddd, J 8.5, 2.5, 1.0 ArH), 7.66 (1H, 
d, J 8.5, ArH), 7.86 (1H, d, J 2.5, ArH); C(125 MHz, CDCl3) 24.8, 84.8, 123.9 (q, 
1
JC-F 270), 
128.3 (q, 
3
JC-F 3.5), 128.8, 129.0, 132.0, 133.1 (q, 
3
JC-F 3.5), 133.2; m/z (EI) 350.0309 (M
+
. 
C13H15O2
79
BrF3
11
B requires 350.0301), (EI) 350 (20%), 335 (38), 271 (100), 251 (55), 229 
(79), 171 (24), 85 (30), 59 (30), 43 (48). 
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2,2'-Dibromo-5-methoxy-5'-(trifluoromethyl)-1,1'-biphenyl 3.63 
 
 
 
A multi-necked round-bottomed flask was charged with 2-(2-bromo-5-
(trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.00 g, 2.9 mmol), 1-
bromo-2-iodo-4-methoxybenzene (0.51 mL, 3.42 mmol), palladium (II) acetate (32 mg, 140 
µmol), triphenylphosphine (187 mg, 0.7 mmol) and dimethoxyethane (35 mL).  The reaction 
mixture was stirred and degassed with nitrogen for 25 minutes.  A solution of potassium 
phosphate (2.42 g, 11.4 mmol) in distilled water (12 mL) was degassed with nitrogen for 25 
minutes and then added, via cannula, to the reaction mixture.  The reaction was stirred at 65 
°C for two hours under nitrogen.  After allowing the reaction to cool to room temperature, 
distilled water (20 mL) was added and the aqueous layer was extracted with diethyl ether (3 x 
20 mL).  The combined organic layers were washed with aqueous sodium thiosulphate (10%, 
50 mL) and brine (50 mL), dried (MgSO4) and dried in vacuo to afford a yellow oil. 
Purification by column chromatography on silica gel, using hexane as eluent, yielded the title 
compound (834 mg, 2.0 mmol, 71%) as a colourless oil. 
RF (hexane) 0.15; max/nm (CHCl3 solution) 292; νmax/cm
-1
 (Neat oil) 707, 828, 912, 1012, 
1026, 1074, 1127, 1170, 1213, 1331, 1420, 1468, 1573; H(400 MHz, CDCl3) 3.80 (3H, s, 
CH3), 6.76 (1H, d, J 3.0, ArH), 6.82 (1H, dd, J 8.5, 3.0, ArH), 7.47-7.51 (2H, m, ArH), 7.53 
(1H, d, J 9.0, ArH), 7.78 (1H, d, J 9.0, ArH); C(100 MHz, CDCl3) 55.8, 113.8, 116.1, 116.5, 
126.3, 127.8, 128.0, 129.8, 130.1, 133.5, 133.6, 141.6, 142.9, 158.9; δF(376 MHz, CDCl3) -
62.6; m/z (EI) 407.8979 (M
+
. C14H9O
79
Br2F3 requires 407.8972), (EI) 410 (100%), 329 (28), 
250 (50), 207 (49), 84 (24), 49 (28). 
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2,2’-Bis(trifluoromethyl)-8,8’-dimethoxy-5,5’-spirobi[dibenzo[b,d]silole] 3.64 
 
 
 
An oven-dried Schlenk ampoule was charged with 2,2'-Dibromo-5-methoxy-5'-
(trifluoromethyl)-1,1'-biphenyl (867 mg, 2.11 mmol) and dry THF (20 mL) under a nitrogen 
atmosphere.  The solution was cooled to -78 ºC and n-butyllithium (2.64 mL, 4.23 mmol, 1.6 
M in hexanes) was added dropwise.  The mixture was stirred for a further 30 minutes at -78 
ºC, then tetrachlorosilane (121 µL, 1.06 mmol) was added dropwise to the mixture.  The 
reaction temperature was quickly raised to room temperature and then stirred overnight at 50 
°C.  Distilled water (1 mL) was added to quench the reaction and the solvent was removed in 
vacuo.  Distilled water (50 mL) was added and the crude material was extracted with DCM (3 
x 20 mL).  The combined organic layers were washed with aqueous sodium thiosulphate 
(10%, 50 mL) and brine (50 mL), then dried (MgSO4).  On removal of the solvent in vacuo, 
trituration with cold pentane gave the title compound (422 mg, 0.80 mmol, 75%) as an 
amorphous white powder. 
Mp 150 – 151 °C; max/nm (thin-film) 376; νmax/cm
-1
 (Neat solid) 711, 818, 848, 869, 888, 
1028, 1057, 1079, 1121, 1164, 1211, 1267, 1287, 1331, 1425, 1602; H(400 MHz, CDCl3) 
3.92 (6H, s, OCH3), 6.83 (2H, dd, J 8.0, 2.0, ArH), 7.33 (2H, d, J 8.0, ArH), 7.42-7.50 (6H, 
m, ArH), 8.05 (2H, s, ArH); C(100 MHz, CDCl3) 55.4, 107.8, 114.6, 117.5, 122.1, 124.2 (q, 
1
JC-F 271), 124.5, 133.4 (q, 
2
JC-F 32), 134.3, 135.7, 138.3, 150.2, 150.7, 163.4; m/z (EI) 
528.0975 (M
+
. C28H18O2F6 requires 528.0980), (EI) 528 (100%), 264 (10). 
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5.1 – N,N-Bis(4-bromobenzene)-4-secbutylaniline Crystal Structure 
The C(2) to C(11) portion of the structure is highly disordered.  Three different partial 
occupancy orientations were identified and are presented in Figure 5.01, overlaid on one 
another. The major occupancy orientation (ca. 43 %) is drawn with solid bonds, the second 
orientation (ca. 29 %) with open bonds, and the minor occupancy orientation (ca. 28 %) with 
dashed bonds. 
 
Figure 5.01: X-ray crystal structure of monomer 2.04, showing (a) three different partial occupancy orientations overlaid; (b) POV-
ray image of major occupancy [Note: nitrogen atoms depicted in blue, bromine in brown]. 
 
5.1.1 – Crystal Data and Structure Refinement 
Empirical formula  C22 H21 Br2 N 
Formula weight   459.22 
Temperature   173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions  a = 7.0740(3) Å  α = 80.255(3)° 
    b = 10.1883(4) Å  β = 87.742(3)° 
    c = 13.9770(5) Å  γ = 89.718(3)° 
Volume, Z   992.04(7) Å3, 2 
Density (calculated)  1.537 Mg/m3 
Absorption coefficient  5.194 mm-1 
F(000)    460 
Crystal colour / morphology Colourless needles 
C2 
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C3 
C4 
C5 
C17 
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C8 
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Br15 
C14 
C13 
C9 
C11 C10 
C19 C20 
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C22 C23 
C18 
C7 
N1 
C15 
C21 
(a) (b) 
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Crystal size   0.32 x 0.23 x 0.09 mm3 
θ Range for data collection 3.21 to 72.57° 
Index ranges   -8<=h<=8, -12<=k<=12, -17<=l<=17 
Reflns collected / unique  12528 / 3929 [R(int) = 0.0230] 
Reflns observed [F>4σ(F)] 3332 
Absorption correction  Analytical 
Max. and min. transmission 0.693 and 0.337 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters 3929 / 97 / 224 
Goodness-of-fit on F2  1.075 
Final R indices [F>4σ(F)]  R1 = 0.0364, wR2 = 0.0963 
R indices (all data)  R1 = 0.0436, wR2 = 0.1005 
Extinction coefficient  0.0020(3) 
Largest diff. peak, hole  0.605, -0.582 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
5.1.2 - Bond Lengths [Å] and Angles [°] 
Bond Bond Length /Å 
N(1)-C(12) 1.416(4) 
N(1)-C(18) 1.419(4) 
N(1)-C(2) 1.421(4) 
N(1)-C(2') 1.445(5) 
N(1)-C(2") 1.488(5) 
C(2)-C(3) 1.3900 
C(2)-C(7) 1.3900 
C(3)-C(4) 1.3900 
C(4)-C(5) 1.3900 
C(5)-C(6) 1.3900 
C(5)-C(8) 1.544(7) 
C(6)-C(7) 1.3900 
C(8)-C(9) 1.517(9) 
C(8)-C(11) 1.625(9) 
C(9)-C(10) 1.551(10) 
C(2')-C(3') 1.3900 
C(2')-C(7') 1.3900 
C(3')-C(4') 1.3900 
C(4')-C(5') 1.3900 
C(5')-C(6') 1.3900 
C(5')-C(8') 1.537(9) 
C(6')-C(7') 1.3900 
C(8')-C(9') 1.521(11) 
C(8')-C(11') 1.579(11) 
C(9')-C(10') 1.562(12) 
C(2")-C(3") 1.3900 
C(2")-C(7") 1.3900 
Bond Bond Length /Å 
C(3")-C(4") 1.3900 
C(4")-C(5") 1.3900 
C(5")-C(6") 1.3900 
C(5")-C(8") 1.539(9) 
C(6")-C(7") 1.3900 
C(8")-C(9") 1.516(11) 
C(8")-C(11") 1.530(11) 
C(9")-C(10") 1.542(12) 
C(12)-C(13) 1.392(4) 
C(12)-C(17) 1.398(4) 
C(13)-C(14) 1.381(4) 
C(14)-C(15) 1.383(4) 
C(15)-C(16) 1.381(4) 
C(15)-Br(15) 1.899(3) 
C(16)-C(17) 1.383(4) 
C(18)-C(23) 1.385(4) 
C(18)-C(19) 1.390(4) 
C(19)-C(20) 1.383(4) 
C(20)-C(21) 1.376(4) 
C(21)-C(22) 1.372(4) 
C(21)-Br(21) 1.912(3) 
C(22)-C(23) 1.387(4) 
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Bonds   Bond Angle /° 
 
C(12)-N(1)-C(18)  120.4(2) 
C(12)-N(1)-C(2)  119.3(4) 
C(18)-N(1)-C(2)  120.3(4) 
C(12)-N(1)-C(2')  126.8(4) 
C(18)-N(1)-C(2')  112.7(4) 
C(12)-N(1)-C(2")  115.5(4) 
C(18)-N(1)-C(2")  123.7(4) 
C(3)-C(2)-C(7)  120.0 
C(3)-C(2)-N(1)  119.3(4) 
C(7)-C(2)-N(1)  120.7(4) 
C(2)-C(3)-C(4)  120.0 
C(5)-C(4)-C(3)  120.0 
C(6)-C(5)-C(4)  120.0 
C(6)-C(5)-C(8)  120.1(4) 
C(4)-C(5)-C(8)  119.8(4) 
C(5)-C(6)-C(7)  120.0 
C(6)-C(7)-C(2)  120.0 
C(9)-C(8)-C(5)  113.1(5) 
C(9)-C(8)-C(11)  105.5(6) 
C(5)-C(8)-C(11)  109.1(5) 
C(8)-C(9)-C(10)  107.6(7) 
C(3')-C(2')-C(7')  120.0 
C(3')-C(2')-N(1)  121.1(5) 
C(7')-C(2')-N(1)  118.7(5) 
C(4')-C(3')-C(2')  120.0 
C(3')-C(4')-C(5')  120.0 
C(4')-C(5')-C(6')  120.0 
C(4')-C(5')-C(8')  119.1(5) 
C(6')-C(5')-C(8')  120.9(5) 
C(7')-C(6')-C(5')  120.0 
C(6')-C(7')-C(2')  120.0 
C(9')-C(8')-C(5')  113.9(7) 
C(9')-C(8')-C(11')  106.7(9) 
C(5')-C(8')-C(11')  111.1(8) 
C(8')-C(9')-C(10')  105.0(9) 
 
Bonds   Bond Angle /° 
 
C(3")-C(2")-C(7") 120.0 
C(3")-C(2")-N(1)  116.9(5) 
C(7")-C(2")-N(1)  123.0(5) 
C(2")-C(3")-C(4") 120.0 
C(5")-C(4")-C(3") 120.0 
C(6")-C(5")-C(4") 120.0 
C(6")-C(5")-C(8") 120.4(5) 
C(4")-C(5")-C(8") 119.6(5) 
C(5")-C(6")-C(7") 120.0 
C(6")-C(7")-C(2") 120.0 
C(9")-C(8")-C(11") 110.6(9) 
C(9")-C(8")-C(5") 114.3(7) 
C(11")-C(8")-C(5") 111.6(7) 
C(8")-C(9")-C(10") 106.4(9) 
C(13)-C(12)-C(17) 118.4(3) 
C(13)-C(12)-N(1) 121.2(2) 
C(17)-C(12)-N(1) 120.4(2) 
C(14)-C(13)-C(12) 121.2(3) 
C(13)-C(14)-C(15) 119.4(3) 
C(16)-C(15)-C(14) 120.6(3) 
C(16)-C(15)-Br(15) 120.2(2) 
C(14)-C(15)-Br(15) 119.2(2) 
C(15)-C(16)-C(17) 119.8(3) 
C(16)-C(17)-C(12) 120.6(3) 
C(23)-C(18)-C(19) 119.2(3) 
C(23)-C(18)-N(1) 120.7(2) 
C(19)-C(18)-N(1) 120.1(3) 
C(20)-C(19)-C(18) 120.9(3) 
C(21)-C(20)-C(19) 118.8(3) 
C(22)-C(21)-C(20) 121.5(3) 
C(22)-C(21)-Br(21) 119.3(2) 
C(20)-C(21)-Br(21) 119.2(2) 
C(21)-C(22)-C(23) 119.6(3) 
C(18)-C(23)-C(22) 120.1(3) 
 
 
 
 
5.2 – 3,5-Bis(3-bromophenyl)-4-(4-(octyloxy)phenyl)-1,2,4-triazole Crystal Structure 
5.2.1 – Crystal Data and Structure Refinement  
Empirical formula  C28 H29 Br2 N3 O 
Formula weight   583.36 
Temperature   173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions  a = 19.3994(4) Å α = 90° 
    b = 9.5710(2) Å β = 100.402(2)° 
    c = 28.8219(7) Å γ = 90° 
Volume, Z   5263.5(2) Å3, 8 
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Density (calculated)  1.472 Mg/m3 
Absorption coefficient  3.105 mm-1 
F(000)    2368 
Crystal colour / morphology Colourless blocks 
Crystal size   0.38 x 0.30 x 0.23 mm3 
θ Range for data collection 3.08 to 33.04° 
Index ranges   -26<=h<=29, -13<=k<=14, -41<=l<=42 
Reflns collected / unique  29084 / 9031 [R(int) = 0.0309] 
Reflns observed [F>4σ(F)] 5676 
Absorption correction  Analytical 
Max. and min. transmission 0.588 and 0.412 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters 9031 / 0 / 307 
Goodness-of-fit on F2  0.925 
Final R indices [F>4σ(F)]  R1 = 0.0345, wR2 = 0.0714 
R indices (all data)  R1 = 0.0673, wR2 = 0.0745 
Largest diff. peak, hole  0.803, -0.811 eÅ-3 
Mean and maximum shift/error 0.000 and 0.005 
 
Figure 5.02: X-ray crystal structure of monomer 2.02. 
[Note: nitrogen atoms depicted in blue, bromine in brown] 
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5.2.2 - Bond Lengths [Å] and Angles [°] 
 
Bond  Bond Length /Å 
 
N(1)-C(5) 1.365(2) 
N(1)-C(2) 1.377(2) 
N(1)-C(6) 1.447(2) 
C(2)-N(3) 1.316(2) 
C(2)-C(21) 1.470(2) 
N(3)-N(4) 1.3840(19) 
N(4)-C(5) 1.318(2) 
C(5)-C(27) 1.478(2) 
C(6)-C(11) 1.370(2) 
C(6)-C(7) 1.381(2) 
C(7)-C(8) 1.381(2) 
C(8)-C(9) 1.390(2) 
C(9)-O(12) 1.3657(18) 
C(9)-C(10) 1.389(2) 
C(10)-C(11) 1.391(2) 
O(12)-C(13) 1.442(2) 
C(13)-C(14) 1.518(2) 
C(14)-C(15) 1.490(3) 
C(15)-C(16) 1.528(3) 
Bond  Bond Length /Å 
 
C(16)-C(17) 1.524(3) 
C(17)-C(18) 1.515(3) 
C(18)-C(19) 1.516(3) 
C(19)-C(20) 1.505(3)  
C(21)-C(26) 1.394(2) 
C(21)-C(22) 1.401(2) 
C(22)-C(23) 1.378(2) 
C(23)-C(24) 1.378(2) 
C(23)-Br(23) 1.9015(15) 
C(24)-C(25) 1.378(2) 
C(25)-C(26) 1.383(2) 
C(27)-C(32) 1.384(2) 
C(27)-C(28) 1.384(2) 
C(28)-C(29) 1.381(2) 
C(29)-C(30) 1.373(3) 
C(29)-Br(29) 1.8915(18) 
C(30)-C(31) 1.382(3) 
C(31)-C(32) 1.389(3) 
 
 
 
 
Bonds   Bond Angle /° 
 
C(5)-N(1)-C(2)  104.76(13) 
C(5)-N(1)-C(6)  124.03(13) 
C(2)-N(1)-C(6)  130.08(14) 
N(3)-C(2)-N(1)  109.43(14) 
N(3)-C(2)-C(21)  122.42(14) 
N(1)-C(2)-C(21)  128.14(15) 
C(2)-N(3)-N(4)  108.41(13) 
C(5)-N(4)-N(3)  106.40(13) 
N(4)-C(5)-N(1)  110.99(14) 
N(4)-C(5)-C(27)  124.38(15) 
N(1)-C(5)-C(27)  124.62(14) 
C(11)-C(6)-C(7)  120.99(15) 
C(11)-C(6)-N(1)  117.66(15) 
C(7)-C(6)-N(1)  121.31(14) 
C(8)-C(7)-C(6)  119.20(16) 
C(7)-C(8)-C(9)  120.36(16) 
O(12)-C(9)-C(10) 123.80(15) 
O(12)-C(9)-C(8)  116.11(15) 
C(10)-C(9)-C(8)  120.09(15) 
C(9)-C(10)-C(11) 119.03(16) 
C(6)-C(11)-C(10) 120.32(16) 
C(9)-O(12)-C(13) 117.72(13) 
O(12)-C(13)-C(14) 106.71(15) 
C(15)-C(14)-C(13) 112.98(17) 
C(14)-C(15)-C(16) 113.69(17) 
Bonds   Bond Angle /° 
 
C(17)-C(16)-C(15) 113.21(17) 
C(18)-C(17)-C(16) 113.62(17) 
C(17)-C(18)-C(19) 113.38(17) 
C(20)-C(19)-C(18) 112.73(18) 
C(26)-C(21)-C(22) 118.73(15) 
C(26)-C(21)-C(2) 124.74(15) 
C(22)-C(21)-C(2) 116.48(14) 
C(23)-C(22)-C(21) 119.66(15) 
C(24)-C(23)-C(22) 121.78(15) 
C(24)-C(23)-Br(23) 119.92(12) 
C(22)-C(23)-Br(23) 118.30(12) 
C(25)-C(24)-C(23) 118.42(16) 
C(24)-C(25)-C(26) 121.37(16) 
C(25)-C(26)-C(21) 120.01(16) 
C(32)-C(27)-C(28) 120.41(16) 
C(32)-C(27)-C(5) 118.71(16) 
C(28)-C(27)-C(5) 120.86(16) 
C(29)-C(28)-C(27) 118.96(17) 
C(30)-C(29)-C(28) 121.53(17) 
C(30)-C(29)-Br(29) 118.66(14) 
C(28)-C(29)-Br(29) 119.80(14) 
C(29)-C(30)-C(31) 119.20(17) 
C(30)-C(31)-C(32) 120.29(18) 
C(27)-C(32)-C(31) 119.59(17) 
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5.3 – Gel Permeation Chromatography Traces 
 
 
 
 
 
Figure 5.03: Gel Permeation Chromatography traces of (a) 2.30 and (b) 2.23. 
 
 
Co-polymer 2.30 (synthesised from 2,7-dibenzosilole / triarylamine monomers) exhibits a 
unimodal distribution, illustrated in curve (a).  The bimodal distribution for co-polymer 2.23 
(3,6-dibenzosilole / carbazole monomers) is illustrated in curve (b). 
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5.4 – Calculation of Frontier Orbital Energy Gap Values 
5.4.1 – Using UV-Vis Absorption Onset 
 
Figure 5.04: UV-Vis spectrum of co-polymer 2.25, showing trend lines. 
Table 5.01: Wavelength-specific comparison of trendline y-coordinate values [Closest match indicated by asterisks]. 
 
 
Trend lines were established for the slope of the main absorption onset and for the initial 
onset curve (Figure 5.04).  The formula for these lines were then used to draw a comparative 
table of y-values at each specific x-value (wavelength) for a 10 nm range around the cross-
over point (Table 5.01).  The difference in y-coordinate was calculated and used to establish 
the integer wavelength at which the lines intercepted (highlighted in yellow in Table 5.01). 
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Figure 5.05: UV-vis / PL spectra of co-polymer 2.28. 
Table 5.02: Wavelength-specific comparison of normalised UV absorbances with PL emission values [Closest match indicated by 
asterisks]. 
 
A similar method was used to find the cross-over point of the UV-Vis / 
photoluminescence spectra (Figure 5.05).  The line intercept was visually estimated and the 
data was tabulated for both lines over a 10 nm wavelength range, around the estimated value 
(Table 5.01).  The differences between the normalised values for both UV absorbance and 
photoluminescence emission were calculated at each of the 10 wavelengths.  The smallest 
difference corresponds to the integer cross-over wavelength (in this case 372 nm).   
 
The frontier orbital energy gap is obtained, using either method, by the relationship: 
Energy gap,   ΔE (J) =     hν   =   hc / λ  
To convert the energy to electronvolts:  1eV = 1.602 x 10
-19
 J 
Which gives:  ΔE (eV) =    hc / (λ x 1.602 x 10-19) 
    =    1240 / λ 
(In the second example)  = 1240 / 372 
    = 3.33 eV 
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5.5 – Cyclic Voltammograms 
 
Figure 5.06: Cyclic voltammogram showing oxidation sweeps for co-polymer samples on spin-coated thin films. 
[Note: Glass-carbon working electrode. Ag/AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV/s and used to 
calculate HOMO] 
 
 
 
Figure 5.07: Cyclic voltammogram showing oxidation sweeps for co-polymer 2.26 on spin-coated thin film. 
[Note: Glass-carbon working electrode. Ag/AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV/s and used to 
calculate HOMO] 
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5.6 – Device Data 
5.6.1 – Blue PLED Devices 
 
Figure 5.08: Device efficiencies at given current densities. 
 
 
 
Figure 5.09: Device efficiencies at given luminance levels. 
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5.6.2 – Green Blend PLED Devices 
 
 
 
 
 
Figure 5.10: Device efficiencies at given luminance levels. 
 
 
 
 
 
Figure 5.11: Device Efficiencies at given current densities. 
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5.7 – 2-(2-Bromo-5-(trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  
        Crystal Structure 
 
Figure 5.12: X-ray crystal structure of material 3.62. 
[Note: fluorine atoms depicted in light green, bromine in brown and boron in turquoise] 
 
5.7.1 – Crystal Data and Structure Refinement  
Empirical formula  C13 H15 B Br F3 O2 
Formula weight  350.97 
Temperature  130(2) K 
Wavelength  1.54184 Å 
Crystal system  Monoclinic 
Space group  p21/c 
Unit cell dimensions a = 13.7135(2) Å α= 90°. 
 b = 19.0168(2) Å β= 109.668(2)°. 
 c = 12.1030(2) Å γ = 90°. 
Volume 2972.16(7) Å3 
Z 8 
Density (calculated) 1.569 Mg/m3 
Absorption coefficient 4.070 mm-1 
F(000) 1408 
Crystal size 0.4157 x 0.1637 x 0.0900 mm3 
θ Range for data collection 4.14 to 73.29°. 
Index ranges -17<=h<=16, -23<=k<=22, -14<=l<=14 
Reflections collected 16747 
C1’ 
C2’ 
C3’ 
C4’ 
C5’ 
C6’ 
C7’ 
C8’ 
C9’ 
C10’ 
C11’ 
C12’ C13’ 
F1’ 
F2’ 
F3’ 
Br1’ 
B1’ 
O1’ 
O2’ 
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Independent reflections 5825 [R(int) = 0.0316] 
Completeness to θ = 73.29° 97.8 %  
Absorption correction Gaussian 
Max. and min. transmission 0.779 and 0.428 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5825 / 37 / 471 
Goodness-of-fit on F2 1.080 
Final R indices [I>2σ(I)] R1 = 0.0417, wR2 = 0.1075 
R indices (all data) R1 = 0.0570, wR2 = 0.1134 
Largest diff. peak and hole 0.705 and -0.503 e.Å-3 
 
5.7.2 – Bond Lengths [Å] and Angles [°] 
Bond            Bond Length /Å 
Br(1')-C(1')  1.901(3) 
O(2')-B(1')  1.356(4) 
O(2')-C(8')  1.474(3) 
O(1')-B(1')  1.363(4) 
O(1')-C(9')  1.465(3) 
F(1')-C(7')  1.331(4) 
F(2')-C(7')  1.324(4) 
F(3')-C(7')  1.323(4) 
C(8')-C(11')  1.516(4) 
C(8')-C(10')  1.521(5) 
C(8')-C(9')  1.554(4) 
 
Bond            Bond Length /Å 
C(2')-C(1')  1.395(4) 
C(2')-C(3')  1.399(4) 
C(2')-B(1')  1.574(4) 
C(3')-C(4')  1.391(4) 
C(1')-C(6')  1.385(4) 
C(9')-C(12')  1.519(4) 
C(9')-C(13')  1.520(4) 
C(6')-C(5')  1.369(5) 
C(4')-C(5')  1.396(5) 
C(4')-C(7')  1.483(5) 
 
 
Bonds         Bond Angle /° 
 
B(1')-O(2')-C(8') 107.3(2) 
B(1')-O(1')-C(9') 107.2(2) 
O(2')-C(8')-C(11') 107.7(3) 
O(2')-C(8')-C(10') 106.9(3) 
C(11')-C(8')-C(10') 110.8(3) 
O(2')-C(8')-C(9') 102.5(2) 
C(11')-C(8')-C(9') 115.2(3) 
C(10')-C(8')-C(9') 112.8(3) 
C(1')-C(2')-C(3') 116.4(3) 
C(1')-C(2')-B(1') 125.7(3) 
C(3')-C(2')-B(1') 117.8(3) 
C(4')-C(3')-C(2') 121.8(3) 
C(6')-C(1')-C(2') 122.5(3) 
C(6')-C(1')-Br(1') 116.9(2) 
C(2')-C(1')-Br(1') 120.6(2) 
O(1')-C(9')-C(12') 108.0(3) 
O(1')-C(9')-C(13') 106.0(3) 
C(12')-C(9')-C(13') 110.9(3) 
O(1')-C(9')-C(8') 102.8(2) 
C(12')-C(9')-C(8') 114.8(3) 
C(13')-C(9')-C(8') 113.5(3) 
C(5')-C(6')-C(1') 119.9(3) 
C(3')-C(4')-C(5') 119.5(3) 
C(3')-C(4')-C(7') 120.0(3) 
C(5')-C(4')-C(7') 120.5(3) 
O(2')-B(1')-O(1') 114.0(3) 
O(2')-B(1')-C(2') 121.4(3) 
O(1')-B(1')-C(2') 124.6(3) 
C(6')-C(5')-C(4') 119.8(3) 
F(3')-C(7')-F(2') 114.0(6) 
F(3')-C(7')-F(1') 101.2(6) 
F(2')-C(7')-F(1') 103.7(6) 
F(3')-C(7')-C(4') 116.0(3) 
F(2')-C(7')-C(4') 110.1(5) 
F(1')-C(7')-C(4') 110.7(4)
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5.8 – Cyclic Voltammetry of Spirosilabifluorene Monomers 
5.8.1 – Spirosilabifluorene Monomer 3.43 
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Figure 5.13: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.  
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile/ toluene, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s; 
reduction sweeps at 200 mV /s ] 
 
5.8.2 – Spirosilabifluorene Monomer 3.64 
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Figure 14: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.  
[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M 
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon.  Oxidation sweeps performed at 1000mV /s; reduction 
sweeps at 200 mV /s ] 
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